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FOREWORD 


MILESTONE in the dynamic history of the petroleum engineering profession 
was reached in February, 1957 when our professional society officially became 
the Society of Petroleum Engineers of AIME. This fittingly descriptive name was 
immediately accepted by the oil industry. It added immeasurable prestige to the 
Society and to our profession, as well as signalizing a maturity which the petroleum 
engineering field has fully achieved. It also gives a clearer emphasis to the petroleum 


engineers position in the oil industry, and his relationship to engineers in other 
industries. 


Other significant steps have been taken by the Society in recording another suc- 
cessful year. One of the most important was the establishment of The John Franklin 
Carll Award to recognize distinguished achievement in or contributions to petroleum 
engineering. The first presentation of the bronze plaque symbolizing this award was 
made to Herbert C. Otis, Sr., at our Fall Meeting in Dallas. At this same meeting the 
Cedric K. Ferguson Medal was awarded to W. O. Brown. 


Membership continued its strong growth with the addition of 1,573 members to 
our rolls, making the Society membership at the year’s end 12,950. Membership data 
has been recorded on IBM cards making it possible to economically and conveniently 
obtain valuable membership information which is used in many ways, such as adver- 
tising promotion, membership efforts, and determining members’ interest for euidance 
in the scope of the Society’s activities and publication policies. 


Five new petroleum sections of AIME were formed during the year, bringing the 
total number of sections and sub-sections predominantly petroleum in membership 
to 41. These new sections are the Four Corners Petroleum Section, the Caracas Petro- 
leum Section, the California Coastal Section, the Snyder (Tex.) Section, and the 
Roswell (N.M.) Petroleum Section. Sub-sections were formed in the Austin-San 
Antonio and Colorado-Nebraska areas. 


Additional stress was placed on the activities of student chapters and new groups _ 
were formed during the year at the University of Wyoming and Southwestern Louis- 
iana Institute. The first Joint Meeting of Texas and Louisiana Student Chapters of 
AIME was held and a similar student contest was planned for future years on an 
annual basis. Other well-established student paper contests sponsored by local sections 
continued successfully, and additional petroleum sections made plans for improving 
their participation in affairs of student chapters in their areas. 


As our Society’s part in a national effort to interest young people in engineer- 
ing and science, a slide film presentation entitled “Your Career in the Petroleum 
Sciences” was produced for presentation to Junior High and High School students. 


Successful regional meetings, sponsored by local sections, were held in Midland, 
Los Angeles, Abilene, Caracas, and Billings. The Society Board of Directors gave 
full support to these regional meetings for they fill a need which cannot be filled by 
the annual Fall Meeting. They offer an opportunity for attendance by many mem- 
bers in local areas who frequently cannot attend the Fall Meeting, and often effec- 
tively focus attention on a specialized field or to problems of the particular area in 
which they are held. The Society Fall Meeting in Dallas attracted the largest attend- 
ance_and featured the largest technical program in our history. 


The Society again this year published more papers than ever before in the JOURNAL 
of PETROLEUM TECHNOLOGY and the PETROLEUM TRANSACTIONS volume. At the same 
time our high publication standards were maintained. The authors of the papers 
appearing in this TRANSACTIONS volume are joining the many who have preceded 
them in making the TRANSACTIONS the finest single collection of petroleum production 
technology literature. 


A Symbols Committee was added to the standing committees of the Society bring- 
ing the total to 13. As-in the past, the major credit for the year’s activities goes to 
these committees. 


The program of the Society continues to be geared to provide the petroleum 
engineer with maximum assistance in meeting the ever increasing challenge. 


JOHN P. HAMMOND, President 
Society of Petroleum Engineers of AIME, 1957 


January 1, 1958 
Tulsa, Oklahoma 
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HERBERT, ok. 
John Franklin Carll Award, 1957 


“In recognition of his creative and practical contribu- 
lions to petroleum engineering in harnessing reservour 
energies for safer and more efficient production of 


petroleum.” 


THE JOHN FRANKLIN CARLL AWARD 


Established in 1956 and first presented in 1957, 
the John Franklin Carll Award is awarded “to rec- 
ognize distinguished achievement in or contributions 
to petroleum engineering.” The medal memorializes 
John Franklin. Carll (1828-1904) whose ideas and 
writings first expressed principles of petroleum en- 
gineering which are now considered commonplace. 
Members of the John Franklin Carll Award Com- 
mittee are: C. EK, Beecher, Chairman; R. W. French, 
John 5. Ivy, H. N. Marsh, Joseph B. Umpleby and 
H. Dayton Wilde. 
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JOHN EDWARD BRANTLY 
Lucas Medalist, 1957 


“Logician, lecturer, author, geologist, and petroleum engineer, 
who perhaps more than any other person has helped to trans- 
form the haphazard drilling methods of yesterday into the 
sound engineering techniques in vogue today; has organized 
and perpetuated a national association of oilwell drilling con- 
tractors that has been responsible for the standardization of 
operating procedures and safety measures throughout the drill- 
ing industry; has himself practiced the drilling art successfully 
in all parts of the world; has written a drilling handbook 
that, after 20 years, is still the most comprehensive treatment 
of the subject extant; has become known both nationally and 
internationally, as a leading authority on drilling funda- 
mentals; and has continuously for some 45 years contributed 
to the advancement of the petroleum industry in all its phases, 
in recognition of which the Anthony F. Lucas Gold Medal is 
awarded.” 


THE ANTHONY F. LUCAS FUND AND MEDAL 


In 1936 the Institute established the Anthony F. Lucas Gold Medal, to be awarded from time 
to time “for distinguished achievement in improving the technique and practice of finding and pro- 
ducing petroleum.” These awards are sponsored by the Society of Petroleum Engineers of AIME. 
Members of the Committee of Award of the Lucas Medal are: R. W. French, Chairman; D. V. Carter, 
Paul Andrews, J. N. McGirl, W. S. Morris, P. R. Turnbull, H. F. Beardmore, H. H. Kaveler, L. F. 
Terry, Harold Decker, Claude Hocott, and J. R. McMillan. Members ex officiis are: John J. Forbes, 
Director, USBM; Frank M. Porter, President, API; Theodore A. Link, President, AAPG; and C. E. 
Reistle, Jr., President, AIME. 
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JAMES Lewis, 1946 JoHn Epwarp Brantry, 1957 
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Ww. O. BROWN 


THE CEDRIC K. FERGUSON MEDAL 


W. O. Brown is the 1957 recipient of the Cedric K. Ferguson Medal. He was 
selected to receive this award for the paper entitled, “The Mobility of Connate Water 
During a Water Flood,” which was published in the July, 1957, issue of JOURNAL OF 
PETROLEUM TECHNOLOGY and on page 190 of PETROLEUM TrRANsacTions Volume 
210. This was the third presentation of the Ferguson Medal, first presented post- 
humously to Cedric K. Ferguson in 1954. John L. Martin and William M. Campbell 
of The Atlantic Refining Co. were joint recipients in 1956. 


The purpose of the medal is to recognize the writing of an outstanding technical 
paper by a young member or members (under 33 years of age) of the profession. 


The medal is presented annually unless waived for lack of a worthy candidate. 
Members of the 1957 Cedric K. Ferguson Medal Committee are: R. L. Slobod, Chair- 
man; M. J. Rzasa and Preston E. Chaney. 
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A Theory for the Effect of Heating Oil Producing Wells 
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ABSTRACT 


The effect of heating a producing well on the rate of oil 
recovery has been analyzed in the simple case of a well 
producing oil by a radial drive and in the steady state. 

Differences of production rates with and without bore- 
hole heating have been calculated and plotted; these meas- 
ure some of the benefits of the thermal recovery process. 
A striking feature is that the production increase tends 
rapidly to a constant value for large production rates. 
Some concrete examples, including a rough comparison 
with field data, are discussed. 

Heating requirements have been calculated and plotted 
on the assumption that the heaters used are 100 per cent 
efficient. 

Heating has been thought of as applying only to low 
volume wells producing heavy oils. However, the calcula- 
tions suggest that the thermal process considered might 
be profitable even for some wells producing large quanti- 
ties of light oil, especially in unconsolidated formations 
where fracturing is not possible. 

In the case of wells producing other fluids with the oil 
or of wells producing partly or wholly by gravity drain- 
age, the theory developed does not apply in detail. It can 
be expected, however, that any general qualitative be- 
havior will remain valid. 

Under normal temperature conditions, high viscosity 
emulsions sometimes form around the wellbore, lowering 
the permeability in the vicinity of the well and impeding 
the production of oil. Borehole heating often prevents 
such emulsification. This important effect is not easily 
amenable to mathematical analysis and has not been in- 
cluded in the theory presented here. It should therefore 
he kept in mind that the benefits due to borehole heating 
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may in fact exceed the values given by the following 
calculations. = 


INTRODUCTION 


The recovery of viscous, low gravity oils can often be 
stimulated by applying heat to the production zone. The 
higher temperature lowers the viscosity of the oil, increas- 
ing its mobility, and therefore its rate of production. 

One thermal method of recovery””’* consists in op- 
erating a heater inside a producing well and, at the same 
time, producing oil from the well. In this paper a simple 
theoretical model is analyzed to study the effect of such 
heating on the recovery of oil. The reservoir mechanics 
of the process is the only aspect of the problem which is 
considered here. The details of the heating system are 
ignored, and it is simply assumed that the heater raises 
the temperature in the immediate vicinity of the pro- 
ducing well to a pre-assigned temperature T,,. Although 
heating requirements are calculated, these refer only to 
the heat supplied to the formation and to the oil being 
produced; they do not include heat losses due to the in- 
efficiency of the heater. 

A short outline of the theory follows: 

The heat supplied to the producing well flows out into 
the formation by means of thermal conduction. At the 
same time, the flow of oil carries heat by convection from 
the formation towards the producing well. After sufficient 
time has elapsed, a steady-state is reached where the 
temperature, the velocity of the oil, etc., no longer vary 
with time but are functions of position only. In the 
steady state the temperature decays like an inverse power 
from the high value 7, at the wellbore to the original 
reservoir temperature 7, at some distance away from 
the well. 

The effect of the high temperature and low oil viscosity 
near the producing well is the same as if the oil were 
produced at reservoir temperature T, but through a pro- 
ducing well of a larger radius. From this point of view, 
the energy and money being expended to provide heat 
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serves to obtain a production rate with a 6-in. well which 
otherwise would require a well of increased diameter. 


PHYSICAL ASSUMPTIONS 


The theoretical model studied here is based on a num- 
ber of physical assumptions and simplifications. 

The oil-bearing sand is assumed to be homogeneous 
and isotropic. Since only radial horizontal flow will ul- 
timately be considered, this assumption can be weakened. 
It is sufficient to assume two-dimensional isotropy in the 
horizontal plane; the permeability k and the coefficient 
of thermal conduction «x then refer to the horizontal ten- 
sor components which may differ from the vertical com- 
ponents. 

The oil in the formation is the only fluid which flows, 
so that the theory of homogeneous fluid flow applies. 
Thus the pressure throughout the system must be above 
the bubble point. Any water in the system is assumed to 
be immobile connate water. 

At any point in the formation the sand and the oil 
have the same temperature T. Heat transfer is by ther- 
mal conduction and by convection due to the gross mo- 
tion of the flowing oil. 

We consider a horizontal oil-bearing stratum of uni- 
form height h with a single vertical well which completely 
penetrates the oil sand. We assume a purely radial drive 
arising from a constant pressure difference p. — p. be- 
tween a fixed cylindrical surface at the external boundary 
radius r, and the well surface at the radial distance r,,. 
In the case of a regular well pattern, the present simple 
theory is a good first approximation if r, is chosen so 
that zr; equals the area per producing well. 


We neglect any heat losses by conduction to the strata 
above and below the oil sand. 


Under these assumptions, the flow of oil and heat 
will have complete radial symmetry, i.e., only the radial 
component of any vector survives and all variables vary 
with position only through the radial distance r from the 
well axis. 


We assume that the steady-state has been reached so 
that all variables are independent of the time t. 


Finally, the oil viscosity u is regarded as an empirically 
given function of the temperature T. 


PRODUCTION INCREASE 


The details of the mathematical analysis are given in 
the Appendix. Here we shall state and discuss the results 
of the theory. 


Our principal problem is the following. We are given 
a number of physical characteristics of the reservoir rock 
and of the crude oil. Before any heat is applied to the 
producing well, the oil production at the original reser- 
voir temperature T, is at the rate q.. If the producing well 
is heated to a higher temperature T,,, what will be the 
new production rate g after the transient period has 
elapsed and the steady state has been reached? We shall 
provide an answer to this question by obtaining the pro- 
duction increase gq — q, as a function of the original 
production rate q,, and by representing this and related 
functions graphically. 


It is interesting that, in the final results, the permeability 
k and the driving pressure p, — p,, disappear, so that we 
can predict the performance of the heated well without 
knowing what these reservoir characteristics are indi- 
vidually. One somewhat awkward parameter which re- 
mains is the dimensionless external boundary radius 


Fortunately, the results are not sensitive to the choice of 
R,. We shall assume throughout that 

corresponding to a well radius r,, = 0.25 ft and an ex- 
ternal boundary radius r, = 500 ft. If r, is increased to 
750 ft, so that R, = 3,000, the formulae in the Appen- 
dix show that the production difference q — gq, is de- 
creased by only 5 per cent for large original produc- 
tions q,, and that this percentage becomes even less and 
tends to zero as the original production becomes less and 
tends to zero. 

Other characteristics of the reservoir and of the oil 

can be eliminated by expressing results in terms of the 
following dimensionless variables: 
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Eq. 3 is a dimensionless temperature, R is the dimension- 
less radial distance, Q, is the dimensionless original pro- 
duction rate before heating, Q is the final, steady-state, 
dimensionless production rate for a well temperature T,,, 
OQ — Q, is the dimensionless production increase. The 
other symbols are as follows: h is the height of the oil- 
bearing stratum, c, and p, are, respectively, the specific 
heat and density of the oil, «x is the coefficient of thermal 
conductivity of the oil-saturated sand. 


The steady-state temperature distribution is given by 
the dimensionless relation (Eq. B-7) of the Appendix: 

Some of these temperature profiles are shown in Fig. 
1. It is not difficult to understand the qualitative fea- 
tures of these temperature distributions. There are two 
competing heat transfer processes. The first is thermal 
conduction which carries heat away from the hot well 
and into the cooler formation; it tends to raise the tem- 
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perature in regions far away from the well. The sec- 
ond is convection due to the mass flow of oil which 
carries heat from the formation towards the producing 
well; it tends to concentrate the high temperature zone 
in the immediate vicinity of the well. In the steady state 
the two heat transfer processes are in exact balance at 
all points of the formation. For large production rates 
Q, the convection process predominates and the hot 
zone is restricted to the vicinity of the well; thus the 
steady-state temperature drops off sharply from the maxi- 
mum value 7\, at the well to the original reservoir tem- 
perature T, at a distance of a few well radii. For small 
production rates Q, the conduction process predominates 
and the hot zone is spread out through the reservoir; the 
steady-state temperature drops off less sharply at the 
wellbore and is significantly above T, at large distances 
away. 


The behavior of the dimensionless production increase— 


Q — Q, as a function of the dimensionless original pro- 
duction Q, depends almost exclusively on the viscous 
properties of the oil in the relevant temperature interval 
from T, to T,,. There seems to be a scarcity of published 
data on viscosity vs temperature behavior for reservoir 
crudes. Fig. 2 shows this behavior for some crudes; the 
curves are based on data given by Winkler’, Walker’, 
Muskat’, and by Kuhn and Koch’. In order to estimate the 
viscosity at higher temperatures, Walker’s data have been 
extrapolated by means of the Arrhenius law’: 

viscosity 4. = constant X exp (negative constant/abso- 

which seems to give a good fit for oils. The dotted por- 
tions of the curves in Fig. 2 were obtained by such extra- 
polation. 

For given temperatures T,, T,, and for a crude with a 
given viscosity behavior, formula (Eq. B-11) of the Ap- 
pendix shows how a theoretical O — Q, vs Q, curve can 
be obtained by a series of numerical integrations, each 
numerical integration giving one point on the curve. This 
method can be used to make theoretical predictions in 
any specific practical application. It is not well suited to 
give any general information valid for a large range of 
applications since each change of either T,, T., or of the 
crude oil [which can be characterized by the negative con- 
stant in the Arrhenius formula (Eq. 9)] requires a new 


series of numerical integrations and gives a new curve for _ 


the production increase. This difficulty can be overcome 
by making an important new approximation, which will 
now be discussed. 

We shall assume that the logarithm of the viscosity, In 
w, varied linearly with temperature between the value 
In pw, at the original reservoir temperature T, and the 
value In yu, at the well temperature T,,. This means that 
we replace the relevant portion of any curve in Fig. 2 by 
a straight line joining the end points of that portion. Since 
all the curves are concave downwards, this straight line 
approximation gives too high a value for the viscosity at 
all temperatures intermediate between 7, and T,,. It fol- 
lows that the production increase calculated for the ap- 
proximate viscosity behavior will always be an under- 
estimate of the true theoretical production increase. We 
shall see later, however, that the error due to the straight 
line approximation is small and not significant. 

The analytical expression for the viscosity in the 
straight line approximation is given by 

where the constant 

depends only on the ratio of the oil viscosities at the ex- 
treme temperatures T, and T,,. In any specific application, 
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the value of A is simply the change between 7, and T,, 
in the height of one of the curves of Fig. 2 or of the cor- 
responding curve for some other crude. 


In the straight line approximation, the production in- 
crease as a function of the original production depends, 
apart from the unimportant parameter R,, only on the 
single parameter A. Also, the integral in the more gen- 
eral formula (Eq. B-11) can now be evaluated in terms 
of tabulated functions so that an explicit expression can 
be obtained for O — Q, as a function of Q, (Eq. B-14). 

Fig. 3 gives curves for the dimensionless production in- 
crease Q — Q, vs the dimensionless original production 
Q, for a series of values of A. This constitutes the prin- 
cipal result of this paper. 


The dotted portions of the curves in this and in sub- 
sequent figures correspond to theoretical steady-state situ- 
ations which are of little practical interest because it takes 
too long a time period to approach the steady state and 
to get the benefit of the full production increase due to 
borehole heating. This problem is discussed in a later sec- 
tion on the transient phase. 


In the following section we shall illustrate how the 
curves of Fig. 3 are used to predict the production in- 
crease due to borehole heating. Here we shall discuss some 
general properties of the results obtained. 


The production increase Q — Q, vanishes at zero 
original production Q,, then increases steadily with Q, 
and finally tends to a finite asymptotic value as Q, tends 
to infinity. Thus, at sufficiently high original production 
rates, the production increase becomes independent of 
the original production. This simple behavior is valid, to 
a good approximation, for dimensionless original produc- 
tion rates greater than 0.6. In this range, the production 
increase Q — Q, depends on the parameter A only. Fig. 
4 shows a plot of this asymptotic value of QO — Q, vs A, 
corresponding to Eq. B-17. 
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Eqs. B-16 and B-17 of the Appendix show that the 
asymptotic production increase varies logarithmically 
with A for large values of A. This slow, logarith- 
mic growth of Q — Q, with A is also apparent by inspec- 
tion of the flat upper portion of the curve in Fig. 4. The 
parameter A varies approximately linearly with the well 
temperature T,,; this is again the straight line viscosity 
approximation, but now applied to the whole viscosity 
curve. Thus, if the well temperature has already been 
significantly increased (corresponding, perhaps, to A = 
8 to 10), only small additional production increases can 
be obtained by raising the well temperature to still higher 
values. As will be seen in a later section (Fig. 9), heating 
costs vary linearly with well temperature T,,. Thus there 
is an upper economic limit on desirable well temperatures 
which depends on the viscosity behavior of the particular 
crude. This is in addition to the purely physical limitation 
which requires that the well temperature be below the 
point where the oil being produced would coke and clog 
up the formation near the well. 

The information contained in Fig. 3 can be expressed 
in alternate form by giving the production ratio Q/Q, = 
q/q. as a function of the dimensionless original produc- 
tion Q,. This is shown in Fig. 5. The same facts can also 
be expressed in terms of an “equivalent well radius” de- 
fined as the well radius which would result in the higher 
production rate q if no heating were applied. 

It is given by the equation 


log (r./equivalent well radius) = a log R, 
q 


For the case r, = 500 ft, r,, = 0.25 ft, the equivalent well 
radius is shown in Fig. 5 on the vertical scales on the 
right. 

The production ratio Q/Q, tends asymptotically to 
unity for large Q, and, as Q, tends to zero, the production 
ratio tends to the value p,/u,,. This last result is inde- 
pendent of the value of R, and is independent of the 
straight line approximation for the viscosity behavior. 
This shows that the percentage errors committed by 
adopting a somewhat arbitrary value for R, and by the 
straight line viscosity approximation are small and tend 
to zero for small production rates. 

In the remainder of this section we shall discuss, by 
means of some specific examples, the error involved in 
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Rates Q, > 0.6). 


the straight line approximation for larger production 
rates Q,. 

The second column of Table 1 shows the true theo- 
retical dimensionless production increase calculated by 
numerical integrations of the exact formula (Eq. B-11) 
for the case of Yorba Linda crude in the temperature 
range 7, = 85°F to T,, = 150°F (portion LM of Curve 
1, Fig. 2). In the straight line viscosity approximation 
this case corresponds to A = 3. The third column shows 
the production increase in the straight line approximation. 
The error is only 5 per cent. 

Table 2 shows a similar calculation for Yorba Linda 
crude in the temperature range T, = 85°F to T,, =300°F 
(portion LN of Curve 1, Fig. 2) corresponding to A = 8. 
The error due to the straight line viscosity approxima- 
tion is 10 per cent. 

Table 3 shows an extreme case of a temperature range 
T, = 85°F to T,, = 450°F for Lower Kernco-Fruitvale 
crude (portion UV of Curve 2, Fig. 2). The error is 15 
per cent. 

In view of the many physical approximations made in 
the present theory, and in view of the experimental un- 
certainties in many of the physical parameters which en- 
ter the theory, these errors ranging from 5 to 15 per cent 
are not serious and are overbalanced by the simplicity of 
the results which can be obtained when the straight line 
viscosity approximation is adopted. 


TABLE 1—YORBA LINDA CRUDE; To = 85°F, Tw = 150°F. 
True Theor. Lin. Approx. Percentage 
Qo = — Error 
0.048 0.154 0.146 5 
0.108 0.191 0.181 5 
0.187 0.213 0.202 5 
0.371 0.229 0.218 5 
0.568 0 232 0.221 5 
0.966 0.234 0.222 5 


TABLE 2—YORBA LINDA CRUDE; To = 85°F, Tw = 300°F. 


True Theor. Lin. Approx. Percentage 
Q, Qs Q = On Error 
0.0724 0.328 0.291 11 
0.142 0.358 0.320 10 
0.226 0.374 0.336 10 
0.414 0.386 0.347 10 
0.612 0.388 0.348 10 
121 0.389 0.349 10 


TABLE 3—LOWER KERNCO-FRUITVALE CRUDE; To = 85°F, Tw = 450°R. 


True Theor. Lin. Approx. Percentage 
Qo Q— Qo Q = Error 
0.081 0.319 0.272 15 
0.236 0.364 0.310 15 
0.426 0.374 0.318 15 
0.624 0.376 0.318 15 
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SOME NUMERICAL RESULTS 


EXAMPLE 1 


Allen and Davis’ have published some rudimentary 
data for the increase in production resulting from heat- 
ing wells in the Cut Bank field in Montana. In all cases 
the original producticn is given after stabilizing the flow, 
and the final stabilized production after heating. The sand 
thicknesses are not given and there are no details concern- 
' ing the properties of the crude. It is stated that the forma- 
tion temperature is 80°F and the temperature 180°F in 
the immediate vicinity of a formation heater. 

From auxiliary sources it appears that the average 
porosity in the Cut Bank field is about 20 per cent, while 
the formation thickness varies from 10 to 23 ft. 

We assume that the viscosity properties of the crude 
are those of Yorba Linda crude shown by Curve 1 of Fig. 
2. We also adopt the values: 


80 = 180°F, 


h = 16 ft = 488 cm, 
sec. 


The thickness assumed is thus the average sand thick- 
ness in the Cut Bank field, and the thermal conductivity 
is a reasonable value for an oil-saturated sand of 20 per 
cent porosity. 

Fig. 2 shows that for Yorba Linda crude, 


In » (60°F) — Inpw (T) = 5.57 for T = T,, = 180°F, 
= 1.07 forT =T,= 80°F. 

Thus the parameter A is given by 


We shall calculate the theoretical production increase 
for an original production rate 
Using the values of Eq. 13 above, the factor for conver- 
‘sion to dimensionless production rates is 


= 0.0163 em2séec.. . . (16) 
The dimensionless original production rate is 
Ov 0.0163. = 17) 


Corresponding to this value of Q,, Fig. 3 shows that 
O — O, = 0.210 for A = 3, 
: = 0.247 for A = 4. 
Extrapolating from these results, 
O — O, = 0.247 + (%) (0.247 — 0.210) 
4 = 4,505... 
Converting back to dimensional units: 
qd — q. = 0.266/0.0163 = 16.3 cm* sec” 
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Thus, a well producing at reservoir temperature of 
80°F at a rate of 8 B/D would, after heating to a tem- 
perature of 180°F, show a production increase of 8.9 
B/D, giving a final production rate of 16.9 B/D, or more 
than double the original rate. 

The same calculation can be repeated for values of q, 
different from Eq. 15. The results are shown by the curve 
in Fig. 6. On the same figure, the observed production 
increases, reported by Allen and Davis, are shown as 
black dots. —— 

The agreement of the theoretical curve with the Cut 
Bank production data is quite good. While this agree- 
ment may be in part coincidental, it is nevertheless an 
encouraging result. The scatter of the Cut Bank data may 
reasonably be attributed to variations in sand thickness, 
in porosity and thermal conductivity, in crude properties, 
and to variations in paraffin removal. 


EXAMPLE 2 


We now consider a hypothetical case of a Yorba Linda 
crude in the temperature range: 
= 85°F, T,, = 300°F. 
This corresponds to 
We assume 
and we adopt the following sets of values for the forma- 
tion thickness and the thermal conductivity: 
h= ee = 1524cm, x = 0.005 cal cm” 


(22a) 

h = 100 = 3048 0. 005 cme 

seer 

or 

h =~ = 1524 cm, « = 0.010 cal 

SECM (22b) 
h = 100 ft = 3048 k= = 0.010 cir, 


The two sets of values in Eq. 22b give the same produc- 
tion increase due to heating. 

Calculations can now proceed as in Example 1. The 
results are given in Fig. 7 which shows the produc- 
tion increase in barrels per day as a function of the 
original production rate. 


EXAMPLE 3 


For a Lower Kernco-Fruitvale crude (Curve 2, Fig. 
2) in the temperature range T, = 85°F to T,, = = 420°F, 


Using the values given in Eqs. 21 aa 22, the produc- 
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tion increase due to heating can be calculated. It is shown 
in Fig. 8. 


STEADY-STATE HEATING REQUIREMENTS 


In the steady state the amount of heat required to 
keep the well surface at the temperature T,, equals the 
excess of the thermal energy of the oil being produced 
over the energy at reservoir temperature. This is so since, 
by the second of Eqs. B-5 and its consequence 
(rdT /dr) eae 0, no heat is being lost to infinity. 


The heater, therefore, has to supply heat at the rate 
H per unit time, given by 
Choosing the value 
C,p. = 0.50 cal (°C) 
the resulting heating rate H is shown in Fig. 9 as a func- 
tion of the final production rate g for different values of 
the temperature difference T,, — T,. 


We are now in a position to make a rudimentary eco- 
nomic analysis of the thermal process considered. The 
profit derived from heating a producing well is the value 
of the additional crude oil produced; from the previous 
section it follows that this profit rate becomes indepen- 
dent of the original and final production rates when the 
production rates are high. One of the important expenses 
associated with the thermal process is the cost of supply- 
ing the required heat after the steady state has been 
reached; this cost rate increases with and is proportional 
to the final production rate. It is therefore clear that an 
economic break-even point is reached at some critical pro- 
duction rate and that the thermal process becomes un- 
profitable at higher production rates. 


As an example, let us assume that the sales value of 
low gravity crude oil at the field is 
and that the power cost is 
$0.01/KW hour 
= $0.24/KWday . . . 
In case of the Cut Bank field of Erseple 1 of the pre- 
vious section, the production increase at large produc- 
tion rates is 9.1 B/D, giving a profit of $18.2/day. This 
profit exceeds the heating cost until the heating rate 
reaches the critical value 
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0.24 


For a 100°F temperature difference, Eq. 24 or Fig. 9 
gives the critical production rate 


76 
der. = 799 <0.0021 360: B/D; 
which corresponds to the critical original production 
rate 
Thus the heating of output wells from 80°F to 180°F 
would cease to be profitable only for wells producing 
as much as 350 B/D. 

A similar calculation in the case of Examples 2 and 
3, for values of the physical parameters given by Eqs. 
22a, 22b, and 22c, gives the critical original produc- 
tion rates shown in Table 4. 


TABLE 4—THEORETICAL, ECONOMIC BREAK-EVEN POINTS 


Case Critical Original Production Rate qocr. 
Ex. 2, Eq. 22a 296 B/D 
Ex, 592 B/D 
Ex. 2, Eq. 22c¢ 1,184 B/t& 
Ex..3, Eq. 220 160 B/D 
Ex. 3,-Eq. 22b 320 B/D 
640 B/D 


It must be kept in mind that the theoretical break- 
even points are only upper bounds and will usually give 
considerable overestimates of the critical production 
rates. This is so because some costs have been neglected 
such as the original investment in the heater, the cost 
of installation, upkeep and personnel. Another factor 
which reduces the critical production rate is the fact 
that additional heat must be supplied to the formation 
during the transient phase of the thermal process and 
until steady state conditions are reached. 

It should also be stressed that the production increase 
has been considered as pure profit. In actual fact, some 
(but not all) of the additional production would ulti- 
mately be recovered from a reservoir producing with- 
out heat. In this case it would be more reasonable to 
count as profit, due to heating, only the present discount 
of such hypothetical future assets. 

In spite of these remarks, it is interesting that the 
theoretical critical production rates have such high 
values. This suggests that the heating of production wells 
might be profitable even for wells producing large quan- 
tities of light oil, i.e., in cases where the production en- 
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gineer would normally not think of applying thermal re- 
covery methods. This is particularly so in unconsolidated 
formations where fracturing is not possible. 

A further advantage of the heating process lies in 
the fact that since the fall in daily production to an un- 
~ economic figure will be delayed, higher ultimate recov- 
eries from a field can be achieved. 


THE TRANSIENT PHASE 


In addition to the steady-state heating rate require- 
ment-discussed above, a further quantity of heat has to 
be supplied during the transient phase of the thermal 
process. This amount equals the heat G stored in the 
oil and sand of the formation in the steady state. 


The additional amount G of heat is given by Eq. B-19 
cf the Appendix. We adopt the values 7 
r, = 0.25 ft, R, = 2,000, 
= pss = 0.50 cal cm™® 
= 0.00914 (KW hours) ft* (°F)*. (31) 
The resulting additional heat requirements in kilowatt 
hours per foot of pay thickness are shown in Fig. 10 
as functions of the final dimensionless production rate Q. 


Especially for low production rates, Eq. B-19 must 
be regarded as a heuristic guess and the numer- 
ical values for G which it supplies must not be 
taken too seriously. Strictly speaking, the integral in Eq. 
B-18 should be taken over the range r,, to infinity rather 
than from r, to r.. However, this infinite integral di- 
verges if Q < 2. This fact produces the steep rise in 
the curves of Fig. 10 for small production rates. The 
divergence of the infinite integral implies that steady- 
state conditions are never reached. In this case it ap- 
pears on physical grounds that the temperature will 
keep changing with time by small amounts over large 
areas at great distances from the production well; where- 
as, the higher temperature in the vicinity of the well 
will approach the steady-state distribution in a reason- 
ably short time and then change no longer. It is the low 
oil viscosity in the high temperature region near the 
production well which is responsible for the increase 
in production. It can therefore be expected that the 
production difference obtained in this paper on the basis 
of the simple steady-state theory will remain valid. On 
the other hand, the values obtained for the heating re- 
quirements may correspond to reality only in rough or- 
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der of magnitude and perhaps not at all. A more com- 
plete discussion of the questions raised here must await 
the solution of the time dependent, non-steady state 
problem. 

We now turn to the important practical problem of 
the duration of the transient phase. After a heater has 
started operating in a well, how long will it be before 
the ultimate production increase can be achieved? In 
the following, some results of a preliminary investiga- 
tion are given. Again, a more complete discussion of 
the question must await the solution of the time de- 
pendent problem. 

There are two extreme methods for the initial heat- 
ing of a formation towards the steady-state temper- 
ature distribution. 

a. The wellbore is heated rapidly to the final weil 
temperature T,,, and this final temperature is then main- 
tained. The well is kept producing throughout this heat- 
ing process. The production rate will change slowly 
from its initial value qg, to the final steady-state value q. 


b. The wellbore is heated rapidly to the final well 
temperature 7J,, and this final temperature is then 
maintained. For an initial time period t, the well is shut 
in by applying a back pressure so that it does not pro- 
duce. At the end of the period t, the back pressure is 
suddenly released so that the well will start producing 
at a rate q. 

Whether one of these methods is economically more 
efficient than the other or whether a suitable combina- 
tion of the two methods is the most efficient are ques- 
tions which require further study and which cannot be 
answered here. 


In the second method heat is conducted from the well 
into the formation during the initial period ¢. In the first 
method, or in any combination of the two methods, 
some of the heat is continually being transported back 
to the well by convection. It is therefore clear that an 
analysis of the second method gives an upper bound 
on the production improvement which can be obtained 
within a period t under the most favorable conditions. 
The resulting final production rate q gives an overesti- 
mate of the rate obtainable in time t for any method 
of borehole heating in which the well temperature never 
exceeds the value T,,,. 

When no fluids are moving, the temperature in the 
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= 5,300) 


TIME 

pcr, 
formation varies with distance and time according to 
Eq. B-20 of the Appendix. The dimensionless. tem- 
perature (T — T,)/(T,, — T,) isa function of the dimen- 
sionless radial distance R and of the dimensionless time. 


(32) 


K 


R. P. Gilbert and J. M. McDowell have obtained this 
temperature distribution, by calculation and by use of 
the electrical reservoir analyzer, for the value 

The ecu is shown in Fig. LL. If v we adopt the values 
(Eq. 31), then 7 = 5,300 corresponds closely to the 
times 
t = 1 year if x = 0.005 cal cm™ sec* (°C)"*, . (34) 

-= 6 months if x = 0.010 cal cm™ sec’ (°C)”. 

The maximum possible production ratio obtainable in 
a period of six months or a year can now be computed 
for each of the three numerical examples considered in 
an earlier section. The results are given in the. last 
column of Table 5. 


TABLE 5 
Case Type of Crude To Tw A Q/o = a/ao 
Exe] Yorba Linda 80°F 180°F 4.5 1.96 
Exaz Yorba Linda 85°F 300°F 8.0 2.18 
Ex.3 Fruitvale 85°F 420°F 6.0 2.08 


The three production ratios are remarkably close to 
one another. It can also be shown that their values do 
not vary sensitively with z so that these production ratios 
would not change much if the time t were doubled or 
halved. 

We can state the general conciusion that production 
ratios of more than 2.5 cannot be obtained by borehole 
heating in times which are sufficiently short to be of 
practical interest, i.e., in times of the general order of 
magnitude of a few months to one or two years. 

In the curves of Figs. 3, 5, 6, 7 and 8, the portions 
corresponding to Q/Q, > 2.5 have been dotted to in- 
dicate that they are of no practical interest. This does 
not mean that borehole heating of low volume wells 
cannot be beneficial but only that the high production 
ratios predicted by the steady-state theory cannot be 
achieved in practice. 
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CONCLUSIONS 


A short discussion will be given here of further 
theoretical studies of our problem which appear to be 
desirable. 

The first and simplest problem is the steady state 
theory for the borehole heating of a well producing two 
immiscible fluids such as oil and water. A preliminary 
investigation indicates that, in the steady state, the oil- 
water production ratio is not affected by borehole heat- 
ing, although the total production rate is, of course, af- 
fected. (This result may no longer be true if transient 
effects are included.) The theory seems to be quite 
straightforward if capillary pressure can be neglected; 
and even without neglect of capillary pressure, a the- 
oretical study seems feasible. It is hoped that this prob- 
lem will be investigated in the near future. 

The second problem is the steady-state theory for 
several fluids, including gas which goes out of solution 
at the lower pressures and higher temperatures near the 
producing well. 

The third problem is the time-dependent, non-steady 
state theory for one or many fluid flow. Its study will 
answer many questions which, at the moment, must 
be regarded as open. (See preceding section.) 

It seems hardly necessary to point out that the last 
two problems are of an entirely different order of diffi- 
culty than the simple theory developed in this paper. 
It may therefore be worthwhile to make careful com- 
parison of the simpler theories with a wide range of field 
data to see whether the neglect of transient phenomena 
and of gas evolution does in fact constitute an error 
of practical importance. 

Finally, oil drives other than the simple radial drive 
and more complicated reservoir geometries deserve a 
good deal of further study. 


NOMENCLATURE] 


VARIABLES 
r — radial cylindrical coordinate 
v — volumetric velocity vector 
v — radial cylindrical component 
of v 
44 — oil viscosity, an empirically 
known function of T 
CONSTANTS 


T,. — well temperature 
T, — original reservoir temperature 
[uo — Oil viscosity at original tem- 
perature 7, 
[lw — Oil viscosity at well temper- 
ature T,, 
k — permeability of oil-bearing 
sand 
f — porosity of sand 
ps — density of sand (without 
pores) 
c, — specific heat of sand 
c, — specific heat of oil 
« — Coefficient of thermal conduc- 
tivity of oil-saturated sand 
q. — Original production rate be- 
fore heating 
H ~— rate of heating in steady state 
G — additional heat required to 
reach steady state 


*See AIME Symbols List in Oct. 1956, issue of Journal of Pe- 
troleum Technology for other symbol definitions. 
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DERIVED VARIABLES AND CONSTANTS 


R=r/r,. — dimensionless radial distance 
R,. = r./r» — dimensionless external boun- 
dary radius 
Q = c,p.q/27hx — dimensionless production rate 
Q, = C.p.q./27hx — dimensionless original produc- 
tion rate 
A = In(u./u.») — natural logarithm of viscosity 
ratio 
7 — dimensionless time 
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APPENDIX 


MATHEMATICAL THEORY 


The basic differential equations of the present theory 
are 


divv=0, . (Bed) 

+ c,p, div (Tv) — kV T = 0 
(B-3) 


The first bf these equations expresses the mass conser- 
vation of the oil which is assumed to be incompressible. 
The second is Darcy’s law for a homogeneous fluid in 
a porous medium. The third equation is the heat bal- 
ance equation for heat transfer by thermal conduction 
and by convection due to the gross motion of the flow- 
ing oil. 

For radial symmetry and the steady state, these equa- 
tions simplify to 


ar 


VC ar d dT B 3/ 
oPo dr K r dr r ‘ar & . . . ( i ) 


The assumed driving force gives the boundary con- 
ditions 
= Whenr = r,, 
and the boundary conditions for the temperature are 
Tf = when r =r 


ws 


The solution of Eq. B-1’ is 


where q is a constant which physically represents the 
volume of oil produced per unit time. 

Substituting into Eq. B-3’ and using the boundary. 
conditions (Eq. B-5), we obtain the temperature dis- 
tribution 

which is the same as Eq. 8. 

The viscosity is a function of T and thus, by Eq. 
B-7, a function of R and of the constant but unknown 
parameter Q. Using this and Eq. B-6, Eq. B-2’ can now 
be integrated to give the pressure p: 

R 
K 
The lower limit of this integral has been chosen se 
that the first of the boundary conditions (Eq. B-4) is 
satisfied. 

The second of the boundary conditions (Eq. B-4) 

gives 


oPok R; 


1 
If all other constants are known, this can be regarded 
as an equation for the unknown production rate Q. 
However, there is a more useful way to interpret the 
results obtained. This will now be explained. 

When there is no heating of the output well, then 
T, = T,. It immediately follows that T=T, and p = 
uw, throughout the reservoir, and that the dimensionless 
original production rate Q, is given by the usual formula 


~ Pu) = Quite In (B-10) 


Eliminating the common left side from Eqs. B-9 and 
B-10, we obtain 
R, 


Q dR 
In R R 


Computations can now proceed as follows. A se- 
quence of values for Q is chosen. For each Q, the func- 
tion T(R) is obtained from Eq. B-7, and then »(R) 
= p[T(R)] is obtained from the known viscosity vs 
temperature behavior. A numerical integration of Eq. 
B-11 gives the production increase Q —Q,. This dimen- 
less production increase can then be plotted or tabulated 
against the dimensionless original production Q, = Q 
— (QO — Q,). This is how the true theoretical produc- 
tion increase was obtained in Tables 1, 2 and 3. 


We now adopt the straight line viscosity approxima- 
tion of Eq. 10: 


ff 
=exp(— 
is 


(B-11) 
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Using Eq. B-7, this gives 


bo 
If this viscosity behavior is introduced into Eq. B-11, 
the integral can be evaluated to give the following 
explicit expression for the dimensionless production 
increase: 


(B-14) 
Here (E(0,x) is a tabulated function’, a generalized 
exponential-integral function, defined by 
xX 


O 
It is related to the more common exponential-integral 
by 


oo 


ug 
where y is Euler’s constant: y = 0.577216. Eq. B-14 
was used to obtain the results shown in Fig. 3. 

For large values of Q, or equivalently of Q,, the last 
term in Eq. B-14 tends to E(0,0) = 0, so that we 
obtain the asymptotic expression 

It is this equation which is represented graphically in 
Fig. 4. It can be seen that, even for large production 
rates, the production increase depends only logarith- 
mically on the value of the parameter R, and that it is 
therefore not a sensitive function of R,. 

We shall now find the total amount of heat G stored 
in the oil and sand of the reservoir in the steady state. 
We assume that this heat is restricted to the oil-bearing 
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formation and that none has been conducted to the 
strata above and below. 
We have 


(B-18) 


‘the Retribution of Eq. B-7, this in- 
tegral can be evaluated and gives 


For the static case ioe no oil flow, the temperature 
distribution in a reservoir due to a constant well tem- 
perature T,, is given by the formula: 

if 


oo 


0 
(B-20) 


where 7 is the himmensiOalexs time of Eq. 32. Except 
for a change in notation and a change in the dummy 
variable of integration, this is the formula given by 
Carlslaw and Jaeger.’ The curve shown in Fig. 11 was 
obtained from Eq. B-20. 

The production rate Q, immediately following such 
a period 7 of static heating, can now be obtained. 
Eq. B-20 gives the temperature distribution. Eq. B-12 
then gives the viscosity distribution. Finally, numer- 
ical integration of Eq. B-11 gives the production ratio 
Q/@,. This is how the values in Table 5 were com- 
puted. 
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A new approach to an old problem 
has made it possible to do in a rela- 
tively short period what has not been 
accomplished in the past three quar- 
ters of a century using strictly experi- 
mental methods. 

A theoretical study was made of 
the underlying principles whereby a 
jet is formed by a shaped charge and 
of the mechanism of the penetration 
of the target by that jet. It was found 
that there are more than 10, and per- 
haps as many as 15 variables affect- 
ing the performance of the shaped 
charge. Only a few calculations are 
necessary to show that it is physically 
impossible to investigate all of these 
variables experimentally. 

The shaved charge theory has been 
extended to include a previously little- 
understood mechanism in high explo- 
sive phenomena; namely, low order 
detonation. By superimposing a high 
order detonation on a zone already 
undergoing low order detonation, an 
appreciable improvement in perform- 
ance is accomplished. 

The development of a design where- 
by these phenomena are coordinated 
in such a way as to develop a jet which 
is tailored to meet the specific target 
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requirement will be described in detail. 

The shortcomings or even impossi- 
bility of strietly experimental tech- 
niques will be illustrated by a discus- 
sion of the development of a special- 
purpose explosive charge. 


IN TKO DUC, 


In an article appearing in the May, 
1888 issue of Scribner’s Magazine, 
Charles E. Monroe described his early 
experiments with gun cotton (Fig. 1) 
which led to his name being most fre- 
quently connected with our present- 
day shaped charge. Although the 
sunken letters or “cavities” in Mon- 


Fic. 1—Letrers REPRODUCED ON Iron py Exptopinc Cnarce or Gun CoTTon 
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roe’s gun cotton were not lined, they 
produced some penetration of an iron 
plate. The credit for the lined shaped 
charge, however, should rightfully go 
to Dr. R. W. Wood of the Physics 
Dept. of Johns Hopkins University, 
who was responsible for first discov- 
ering the fact that a metal liner in a 
cavity of explosive gave high velocity 
fragments and/or jets of metal. 


This discovery was made by Dr. 
Wood inadvertently while investigat- 
ing an accidental death resulting from 
an electric blasting cap. He discov- 
ered that a jet of high velocity copper 
particles was ejected from the dimple 


with SuNKEN Lerrers AS DemonstTRATION OF Monroe 


pressed into the end of the cap to 
compress the charge. 

This dimple was a recent innova- 
tion in the manufacture of blasting 
caps and arose from the attempt to de- 
velop an improved cap. It was already 
known that a porous, or low density, 
pressed explosive was much more sen- 
sitive to shock than the same explo- 
sive pressed to a high density. It was 
likewise known that the high density 
explosive, although harder to deto- 
nate, was more powerful once it was 
detonated. 

The problem in the electric blast- 
ing cap was to develop an explosive 
load which was sufficiently sensitive 
that it could be initiated by the small 
head of primary explosive placed on 
the filament of the cap and at the same 
time be sufficiently powerful to initi- 
ate the relatively insensitive explosives 
in common use. A solution was to 
load the explosive into the cap case in 
such a way as to result in a maximum 
density at the bottom of the case, yet 
with a uniformly decreasing density 
to the top of the charge nearest the 
igniter filament. While the desired 
density gradient could be obtained by 
packing and pressing the explosive in 
successive small increments, such a 
method would be time consuming. 

Some ingenious workman got the 
idea that if the explosive load could 
first be lightly pressed in the cap case, 
then, while holding the case station- 
ary, the bottom or closed end of the 
case could be dimpled, the explosive 
would be compressed progressively 
from a maximum density at the dim- 
pled end to a minimum density at the 
filament end. Tests proved that a cap 
constructed in this manner gave a su- 
perior performance in the initiation of 
relatively stable explosives. It was 
assumed that the reason for this im- 
proved performance was nothing 
more than the explosive density gradi- 
ent which had led to the conception of 
the idea. 

It was not until after Wood’s dis- 
covery that it was realized that there 
was any connection between Mon- 
roe’s work and the dimpled electric 
blasting cap. As a result of Wood’s 
findings, a very extensive research 
program was undertaken to develop 
the lined shaped charge principle into 
a useful weapon both in this country 
and abroad. 

It has been conservatively esti- 
mated that there are more than 10, 
and perhaps as many as 15, variables 
which affect the performance of a 
lined shaped charge. It is necessary to 
make only a few calculations to show 
that it is physically impossible to in- 
vestigate these variables experimen- 
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tally in all possible combinations and 
throughout the range of each. In the 
first place, even if we selected a single 
size charge requiring only an ounce of 
explosive it would require more explo- 
sive than was consumed in World 
War I to complete the job, and in the 
second place it is impossible to change 
any one of these variables without at 
the same time changing an unknown 
number of other variables and by un- 
known amounts. 


ADVANCES IN 
EXPERIMENTAL TECHNIQUES 


Although much work on shaped 
charges has been done and is contin- 
uing on a cut-and-try basis, very little 
significant progress was made in un- 
derstanding the mechanism involved 
in the functioning of the charge and 
its penetration of the target until the 
experimental physicist developed such 
ultra-high-speed instrumentation as 
the flash X-ray, the smear camera, the 
raster scope pin technique, and the 
framing camera, and until he teamed 
up with the theoretical physicist. This 
more basic approach has made it pos- 
sible to develop general principles and 
a systematic approach in the design of 
special-purpose charges. 


Work on lined shaped charges to 
date has resulted in the accumulation 
of such a volume of literature that it 
now requires over 1,800 IBM cards 
just to reference the literature with 
only the briefest of abstracts. Unfor- 
tunately, most of this literature is 
classified, primarily because of the 
particular items with which it is asso- 
ciated and not because the underlying 
principles are in themselves consid- 
ered to be classified. An attempt will 
therefore be made here to break these 
principles down into some of the 
more important phases and analyze 
their importance in the process of de- 
veloping a more efficient lined shaped 
charge for any particular application. 


DEVELOPMENT OF A SPECIAL 
PURPOSE SHAPED CHARGE 


The more important of these 
phases, in order of the sequence in 
which they take place in a charge as 
manufactured and fired, are: (1) de- 
sign of the charge; (2) shaping of the 
detonation front; (3) transition of the 
metal liner into a jet; (4) characteris- 
tics developed in the jet; (5) penetra- 
tion of the jet into the target; and (6) 
characteristics required of the hole in 
the target. 


How to make a charge (Phase 1) 
and what the end result will be when 
it is fired (Phase 6) are the only two 


that are of any concern to most of us, 
but for the research engineer who 
must give the manufacturer the design 
data necessary to produce a charge 
that will give the desired final result, 
no one of these phases can be by- 
passed. 

We believe that the most straight- 
forward approach is to start with 
Phase 6 above and work backward to 
Phase 1. This can perhaps best be il- 
lustrated by outlining a case history 
of the development, at the Poulter 
Laboratories of Stanford Research In- 
stitute, of an actual special-purpose 
shaped charge. 


REQUIREMENTS—PHASE 6 


It was decided that the initial devel- 
opment should be on the basis of a 
charge for use in a conventional 4-in. 
hollow carrier for casing perforating. 
A somewhat arbitrarily selected set of 
specifications was established for the 
charge, although these specifications 
were based on the composite experi- 
ence of a number of qualified engi- 
neers. The requirements were: 

1. Explosive weight: maximum of 
19 gm to avoid excessive car- 
rier growth. 

Entrance hole diameter in 5/16- 
in. thick well casing: %-in. 
minimum. 


Depth of penetration in stand- 
ard target: maximum possible, 
preferably 10-in. or more, but 
at least equivalent to presently 
available commercial charge. 
4. Hole diameter: as large as pos- 
sible all the way to the bottom. 
Hole volume: as large as possi- 
ble. 

6. Charge to develop a minimum 
of slug or carrot to minimize 
perforation plugging. 


Nn 


PENETRATION OF THE 
TARGET—PHASE 5 


One of the most important factors 
in the development of a shaped charge 
is a reproducible target for test pur- 
poses. The use of homogeneous tar- 
gets for the evaluation of a jet which 
is intended for use on a composite 
target is meaningless and may be com- 
pletely misleading. 

The mechanism whereby a com- 
pletely homogeneous target is pene- 
trated is not at all well understood. 
If, then, we consider a complex target 
such as is encountered in an oil well, 
we find that the problem is not too 
clearly defined to start with. An oil 
well target generally consists of a port 
seal (usually aluminum or steel), an 
unknown thickness of drilling mud, a 
standard oil well casing, a cement 
sheath, and then an oil-bearing forma- 
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tion of not too well known physical 
properties. A hole of specified char- 
acteristics must be made through all 
of this. 

There are many criteria which 
apply in a very general way to pene- 
tration into a target, such as the fact 
that the degree of penetration by a 
shaped charge jet is some inverse 
function of the density of the target 
or that equal mass of target material 
produces equal stopping effects. Once 
the target material is changed (for ex- 
ample, from steel to quartzite) the in- 
verse density ratio may no longer 
hold. A shaped charge will usually 
penetrate almost as far into steel as it 
will into some of the harder rock ma- 
terials such as quartzite, even though 
the density of the steel is nearly twice 
that of the rock. 

There is another consideration, 
namely the hardness of the material, 
which is an important factor in stop- 
ping a jet. Tungsten carbide is prob- 
ably the most difficult material to 
penetrate with a jet. These and many 

- other generalizations are useful back- 
ground material in jet design, but 
they do not eliminate the necessity of 
a basic approach to this difficult 
problem. 


Aside from direct examination of 
theactual hole produced in a target, 
the most informative technique for 
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evaluating the performance of a lined 
shaped charge is the flash X-ray. As 
many as three or four separate flashes 
can now be made with separate X-ray 
tubes during the firing of a single 
charge. 

For some work, flash X-ray pic- 
tures (or radiographs) of separate 
shots provide much useful informa- 
tion. Two such pictures (Figs. 2 and 
3) show the penetration of a shaped 
charge into water and through a %-in. 
steel plate below the water. The first 
radiograph was taken just before the 
jet reached the steel plate and the sec- 
ond was taken when the jet had trav- 
eled about 1 in. after penetrating the 
steel plate. It will be observed that the 
splash of fragments of target metal 
forms an almost continuous envelope 
around that portion of the jet which 
has projected beyond the target. It can 
be seen, too, that the target metal 
along the axis of the jet has been 
given about the same velocity as that 
portion of the jet which pierced the 
target. 

George E. Duvall’ has made a theo- 
retical analysis of the penetration of a 
homogeneous target by means of a jet 
which takes into account the equation 
of state of both the material of the 
target and the jet. On the basis of 


1References given at end of paper. 
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this limited theory, which takes into 
account the densities of the material 
of the jet and the target and the shock 
pulse velocity and relief wave velocity 
in each, the size of the hole is related 
to the mass and velocity of the ele- 
ment of the jet producing it. 

Once the specifications for the hole 
are fixed and the characteristics of the 
target are known, one can then begin 
to fix the requirements for the various 
portions of the jet. 


There is a limited number of con- 
trols that one can apply to the jet, and- 
one of the most important is the tim- 
ing of events in such a manner that 
each element of the jet completes its 
penetration before the next element 
arrives. 


CHARACTERISTICS OF THE 
JET—PHASE 4 


Enough flash X-ray work has now 
been done with shaped charge jets so 
that the characteristics of the jet 
which contribute to good perform- 
ance have been rather well estab- 
lished. In these studies it has been 
shown that the following factors con- 

—tribute to good performance: (1) 


maximum concentration of the mass 
along the axis of the jet; (2) straight- 
ness of the jet; (3) optimum velocity 
gradient along the jet with the max- 
imum velocity at the forward tip; (4) 
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maximum over-all velocity consistent 
with the necessary velocity gradient; 
and (5) proper distribution of metal 
along the jet. 

Many flash X-ray pictures of good 
jets show the jet material to be either 
in a continuous small-diameter rod or 
a series of short pieces following in 
line. For a given cone material and 
jet diameter, this may merely mean a 
difference in velocity gradient. How- 
ever useful this breaking up into iso- 
lated slugs may be from the stand- 
point of determining jet velocity and 
velocity gradient along the jet as de- 
termined from flash X-ray pictures, 
this break-up does not have a chance 
to occur in normal operation since in 
general the jet reaches the target be- 
fore break-up occurs. Even though the 
jet is in a continuous strand of metal 
there must be an appreciable velocity 
gradient along it, with the higher ve- 
locity at the forward end. This is nec- 
essary in order that each element of 
the jet will strike the target and ac- 
complish its penetration before the 
following element strikes. 

If the jet is a continuous piece of 
metal, this merely means that the jet 
material must not be decelerated as it 
strikes the target beyond the point 
where the metal loses all of its elonga- 
tion and starts to compress and pile 
upon itself. It is therefore apparent 
that an excess of velocity gradient will 
merely shift the point of equilibrium 
between elongation and compression 
a little closer to the point of contact 
of the jet with the bottom of the hole, 
and will not result in any decrease in 
penetration except as this may exces- 
sively reduce the velocity of the after 
end of the jet. On the other hand, if 
the velocity gradient is a little too low, 
the pile-up of metal in the hole causes 
the forward end of the jet to be slowed 
down to such an extent that the jet is 
continually required to penetrate the 
piled-up jet material before it reaches 
the target material at the bottom of 
the hole. 

This is amply illustrated by an ex- 
periment in which a minor increase 
in the density of the explosive around 
the base of the cone may reduce the 
penetration by 50 per cent. This slight 
increase in the density produces an 
increase in the velocity of the after 
portion of the jet without changing 
the velocity of the forward portion, 
and the jet piles up on itself. If, now, 
the thickness of the skirt of the cone 
is increased by only 0.003 in. in a 
charge having the higher density ex- 
plosive around that portion of the 
cone, the original penetration will be 
restored. In other words, the increased 
mass compensates for the increased 
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quantity of explosive and the velocity 
gradient is re-established. 

The maximum over-all velocity of 
the jet consistent with the optimum 
velocity gradient is, of course, desir- 
able for obtaining maximum penetra- 
tion. This has been amply demon- 
strated in a number of military lined 
shaped charges which are fired from 
guns or as rocket warheads. If these 
charges are fired statically or dynam- 
ically, maintaining the same rate of 
spin in both cases, the dynamically 
fired charge will frequently have an 
increase in penetration of from 10 per 
cent to as much as 20 per cent over 
the statically fired one. In this case, 
if the dynamically fired charge has a 
velocity of 2,000 ft/sec when it is de- 
tonated, the over-all average velocity 
of the jet will be 2,000 ft/sec faster 
than if it were statically fired, but the 
velocity gradient will remain un- 
changed. This increase of 2,000 ft/sec 
in over-all jet velocity will, of course, 
require a slightly greater velocity 
gradient, but in those cases where an 
increase in performance was obtained 
it is probable that the velocity gradi- 
ent was slightly more than was re- 
quired for the static firing. 

In some cases, charges dynamically 
fired have shown no improvement in 
performance or even a decrease in 
performance. In such instances it is 
most likely that the velocity gradient 
was not great enough for the higher 
speed. If the velocity gradient were 
exactly right for static firing, one 
would expect a reduction in penetra- 
tion when dynamically fired. 

If the distribution of metal along 
the jet were properly adjusted, it 
would be possible to produce a hole 
having almost any profile. The normal 
velocity gradient combined with a 
nearly uniform distribution of metal 
along the jet produces the conven- 
tional tapered hole. A large entrance 
hole, as specified in the requirements, 
may be produced either by a jet hav- 
ing an extremely high velocity at the 
forward tip or by one having an in- 
creased mass of metal at the forward 
tip. An analysis of the velocity of the 
forward tip of the jet of shaped 
charges already in use showed that it 
was approaching the theoretical max- 
imum velocity that could be obtained 
in a jet, or equal to about twice the 
detonation rate. It therefore appeared 
to be impractical to attempt to carry 
this velocity high enough to produce 
the large entrance hole required. The 
only other alternative for obtaining a 
large entrance hole was to increase 
the mass of metal in the front end of 
the jet. The specifications selected for 
the jet which it was believed would 


meet the requirements were as fol- 
lows: 
1. Size of charge fired. 
2. Requirement: entrance hole min- 
imum % in. in diameter in 5/16 


in. thick steel casing. 
Jet specification: the jet to have 21/2 to 3 
gm of metal concentrated in a mass at 
the forward tip or preferably detached 
from it and having as high a velocity as 
possible. 

3. Requirement: minimum depth of 


penetration 10-in. 


Jet specification: the remainder of the jet 
to be concentrated into a solid stream of 
metal which would elongate into small 
elements after traveling several inches. 


4. Requirement: maximum size 
hole all the way to the bottom. 


Jet specification: the diameter of the jet 
to be a minimum directly behind the mass 
at the front and increase uniformly in 
diameter with distance from the front. 


5. Requirement: hole volume as 


large as possible. 
Jet specification: same as 4. 
6. Requirement: the charge to de- 


velop a minimum of slug or car- 
rot to clog the hole. 


Jet specification: slug material to have 
sufficient velocity gradient to cause it to 
break up. 


That these specifications have been 
met will be shown in flash radiographs 
during discussion of Phase 3. 


TRANSITION FROM CONE 
To JET—PHASE 3 


The formation of a jet from a metal 
cone has been the subject of a great 
deal of research and some controversy 
and, as is frequently the case under 
such circumstances, there is consider- 
able experimental justification even 
for the most widely divergent points 
of view. Perhaps the most widely ac- 
cepted explanation, and one which 
has more experimental evidence in its 
support than any other, is the hydro- 
dynamic theory proposed by Pugh** 
and his co-workers. The primary rea- 
son for the preponderance of experi- 
mental evidence in support of this 
theory is that there are more shaped 
charges designed in such a way that 
they are forced to function in the 
manner described by Pugh, et al. 


DETONATION 


Fic. 4—Formation or Jet AnD 
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HYDRODYNAMIC THEORY MECHANISM 


This mechanism assumes that the 
metal of the cone is deflected by the 
explosive and converges at the axis of 
the charge (Fig. 4) where it is split, 
the inner surface of the metal liner 
being projected forward to form the 
high velocity jet and the outer surface 
of the liner being projected backward 
with respect to the advancing point of 
convergence along the axis to produce 
the lower velocity slug. Thus, in such 
a charge the forward end of the jet 
comes from the inner surface of the 
apex of the cone and the after end of 
the jet from the inner surface of the 
skirt of the cone. 


For the most part, jets which are 
formed in this manner acquire very 
little metal from near the apex and an 
increasing per cent of the thickness of 
the liner from near the base. It is not 
particularly difficult to confirm this 
experimentally by building up a com- 
posite cone of different metals or 
using a truncated cone without reduc- 
tion in penetration. 


_ PLASTIC FLOW MECHANISM 


On the other hand, it is only neces- 
sary to make a comparatively minor 
change in the design of the cone and 


charge surrounding it to cause a some- 


what different mechanism of jet for- 
mation to take over. This is a plastic 
flow mechanism in which the major 
portion of the forward part of the jet 
originates from near the base of the 
cone and the after portion of the jet 
from the central portion of the cone. 
This mechanism of jet formation 
(Figs. 5, 6, and 7) is favored by the 
use of a comparatively heavy walled 
small-angle cone and a more nearly 
uniform explosive thickness over the 
liner. In the case of this mechanism, 
the actual cone velocity is lower and 
the cone collapses throughout its en- 
tire length before the tip of the jet 
emerges from the base of the cone. 
The much higher mass converging 
upon the axis, even though at a lower 
velocity, extrudes the metal along the 
axis of the collapsed liner, thereby de- 
veloping the necessary jet velocity and 
velocity gradient. 

Both of the above mechanisms have 
been demonstrated at the Poulter Lab- 
oratories by means of flash X-ray 
studies and the use of cones con- 
structed of two metals—copper and 
steel—and penetration into sand. 
With a loose sand target, the jet mate- 
rial which penetrates any portion of 
the target is trapped in the immediate- 
ly adjacent sand. Then by using cop- 
per apex and steel base cones (Fig. 8) 
and steel apex and copper base cones 
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one can determine which sections of 
the sand were penetrated by steel and 
which by copper. 


SPHERICAL CONVERGENCE MECHANISM 


There is still another mechanism of 
jet formation—spherical convergence 
(Fig. 9)—in which the liner is a sec- 
tion of a sphere and the detonation 
front conforms to it and in which the 
forward portion of the jet originates 
from the entire inner surface of the 
liner and the after portion of the jet 
from the outer surface of the liner, 
and there is no slug. In this case the 
diameter of the cone continues to re- 
duce and the thickness increases until 
it eventually becomes the length of 
the jet. 


BRITTLE FRACTURE MECHANISM 


In addition to the above three 
mechanisms there is the brittle frac- 
ture mechanism such as is developed 
by a liner composed of fused quartz. 
In the case of a fused quartz liner 
there is no melting, but the liner is 
reduced to a powder which forms into 


a stream of very high velocity, very ~ 


fine particles. In the case of a glass 
cone, some melting does occur and 
the mechanism is quite complex. 
There is therefore no single mech- 
anism of jet formation which can be 
experimentally justified to the exclu- 
sion of all others. On the one extreme 
is the lightweight, conical, wide-angle 
liner, hydrodynamic theory mecha- 
nism in which the forward tip of the 
jet comes from the apex of the cone, 
and on the other extreme the small- 
angle, heavier-walled, plastic flow 
mechanism in which the forward por- 
tion of the jet comes from near the 
base of the conical liner. Different 


from either of these is the spherical _ 
convergence liner which progressively 
decreases in diameter and increases in 
thickness to the point that it forms a 
long, very small diameter, high veloc- 
ity rod or jet. (In contrast to the other 
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Fic. 9—TyprcaL CHARGE AND Jet FoRMATION IN SPHERICAL CONVERGENCE MECHANISM. 
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two, this type of charge does not leave 
a low velocity slug in the hole.) The 
brittle fracture mechanism of jet for- 
mation is still another type. There are 
even some charges which may form a 
part of the jet by one mechanism and 
the remainder by another. 

If we consider that it is possible to 
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Fic. 10—Cnarce Emptoyine Liner Con- 
SISTING OF A SPHERICAL APEX SECTION 
AND. TANGENT TRUNCATED CONICAL 
SECTION. 


I'ic. 12—FLasu RaprocraPH SHOWING REDUCTION OF QUANTITY 
or Mertar 1n ForwArp Portion or Jet AND INCREASE IN THE 


AFTER PosrTIon. 
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have all of these mechanisms, and al- 
most any intermediate modification, 
it is not surprising that there are so 
many apparently contradictory data. 

With all of these mechanisms of jet 
formation available, the job of devel- 
oping a jet with predetermined char- 
acteristics becomes both more and 
less difficult; less difficult because 
there are so many ways of developing 
the desired characteristics for each 
portion of the jet and more difficult 
because such a small change in design 
may completely change the character 
of the jet. 


After determining the characteris- 
tics for the jet which it was believed 
would develop the required hole, the 
problem was therefore to select from 
the available mechanisms a combina- 
tion of those which would produce 
such a jet. It was apparent that no 
single mechanism of jet formation 
would meet the jet specifications. A 
modification of the spherical conver- 
gence mechanism seemed to be the 
only one which could develop the re- 
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Fre. 13—Woops Merat Casts or Hotes 1n TARGETS. 


quired mass of metal forming the tip 
of the jet. A liner was therefore de- 
signed in which the apex portion was 
a spherical section, with the hope that 
a detonation front could be developed 
which would favor the development 
of a detached slug rather than an elon- 
gated jet. Tangent to, and as an exten- 
sion of, this spherical section (Fig. 
10) was a truncated conical section. 
The development of the detonation 
front will be discussed later but test 
findings and subsequent flash radio- 
graphs confirmed the presence of the 
detached slug (Fig. 11). However, 
the hole developed by this jet in a 
target, although having the required 
depth of penetration, had too much 
taper and was too small at the bot- 
tom. The conical section of the liner 
was therefore modified to a section 
of an ellipsoid of revolution which, 
it was hoped, would reduce the quan- 
tity of metal in the forward portion 
of the jet and increased it in the after 
portion. That this was accomplished 
is shown in flash radiographs in Fig. 


Fic. RApIoGRAPH CONFIRMING THE FORMATION OF A 
DETACHED SLUG IN THE JET. 
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Fic. 14—DeEvELOPMENT OF DETONATION 
Front in TypicaL CuHarce DESIGNED FOR 
PERIPHERAL DETONATION. 


/12 and the fact that the hole di- 
ameter was more nearly uniform 
throughout its length is shown from 
woods metal casts of holes in tar- 
gets, Fig. 13. 


THE SHAPING OF THE 
DETONATION FRONT—PHASE 2 


The number one problem then was 
to develop sufficiently high velocity 
in the large mass of metal on the 
forward tip of the jet so that the fol- 
lowing portions of the jet would not 
overtake it, and at the same time 
maintain the proper balance between 
a high average velocity and an op- 
timum velocity gradient. Peripheral 
detonation (Fig. 14) was investigated 
and was found to be impractical par- 
ticularly for the liner as designed for 
a number of reasons. 


1. It tended to increase the quan- 
tity of explosive required for good 
performance. 


2. It tended to increase the length 
of the charge. 


3. It necessitated a longer standoff 
distance for optimum performance. 


_ 4. It produced a highly developed 
slug which tended to follow through 
and plug the hole. 


5. It tended to develop a small- 
diameter, small-volume hole. 

It was also apparent that it would 
be necessary to take advantage of 
every available means of imparting a 
high velocity to that portion of the 
liner going into the concentrated 
mass at the forward tip of the jet. 
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Fic. 15—DerveLopment or DETONATION 
Front TyprcaL Cuarce TO 
Take ApvANTAGE or ExtrReMELY Hicu 
PressurE DervELOPED By COLLISION OF 
Two HicH Orper Detonation Fronts. 


A charge was therefore designed 
in which an attempt was made to 
take advantage of the extremely high 
pressure developed when two high 
order detonation fronts meet head- 
on. This was done by introducing a 
barrier in the explosive charge over 
the apex of the liner (Fig. 15). A 
hole was drilled through the center 
of the barrier. By varying the size 
of this hole, the high order detona- 
tion front being initiated through this 
hole could be delayed so as to cause 
it to meet the high order front trav- 
eling around the barrier at almost 
any desired point. However, it was 
found that the liner would be cut 
completely through along the line 
where the two detonation fronts met, 
thus cutting a circular disc out of 
the spherical section apex of the 
liner. 


THE DESIGN OF THE 
CHARGE— PHASE 1 

An analysis of the results thus ob- 
tained led us to attempt to superim- 
pose a high order and a low order 
detonation over the spherical portion 
of the liner (Fig. 16). The shock 
traveling through the barrier initiates 
low order detonation in the main 
charge. This low order is initiated 
laterally at a high order rate. The 
high order travels out around the 
barrier and converges upon the ex- 
panding low order. The high order 
continues on past the low order front 
and into the low order zone, where 
only a small per cent of the explosive 


Fic. 16—DrvELOPMENT OF DETONATION 
Front 1n Typicat Barrier CHARGE 
SIGNED TO SUPERIMPOSE A HicH ORDER 
AND Low Orper DETONATION OVER THE 
SPHERICAL PoRTION OF THE LINER. 
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Inches 
Fic. 17.—TypricaL BarrieR CHARGE AS 


DEVELOPED AT STANFORD RESEARCH 
INSTITUTE. 


has reacted. The low order has, how- 
ever, subjected the unreacted ex- 
plosive to high temperatures and 
high pressures, both of which in- 
crease its detonation rate, and there- 
fore its detonation pressure, propor- 
tional to the square of the detonation 
rate. 

It will be seen from Fig. 12 that 
the slug which results from such a 
liner is almost completely disinte- 
grated. 


CONCLUSIONS 


The charge which was developed 
as a result of this research program 
(Fig. 17) has met the specifications 
initially set up. The entrance hole 
area was increased fourfold. A slight 
increase in penetration was achieved. 
The hole volume was increased 
about threefold without increasing 
the total quantity of explosive, and 
the slug has been virtually eliminated. 
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A Compositional Material Balance Method for Prediction of 
Recovery from Volatile Oil Depletion Drive Reservoirs 


JUNIOR MEMBER AIME 


ABSTRACT 


Application of the conventional 
depletion drive calculation methods 
to volatile oil reservoirs results in er- 
roneous estimates of ultimate recov- 
ery. In view of the increasing num- 
ber and importance of volatile oil 
reservoirs, a special technique has 
been developed which will result in 
more realistic predictions using lab- 
oratory data obtained from reservoir 
fluid studies of a specific type. The 
experimental data are designed to 
permit continuous material account- 
ing and, therefrom, provide the hy- 
drocarbon composition of both the 
flowing oil and gas phases. The _re- 
sultant well-stream composition data 
are then used directly in surface re- 
covery calculations utilizing equilibri- 
um ratios. A step by step procedure, 
specifically designed for routine use 
by the practicing reservoir engineer, 
is prasented in an appendix. An ac- 
tual study performed on a deep Miad- 
Continent reservoir is used as an il- 
lustrative example. 


ENTER 


It has been a practice for many 
years to utilize the conventional ma- 
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terial balance methods in conjunction 
with relative permeability concepts 
for the prediction of recovery from 
solution gas drive reservoirs.’ Those 
who have performed such calcula- 
tions recognize that compromises of 
several types are necessary in order 
to reduce the calculations to a rea- 
sonable degree of complexity. The 
most serious assumption involved re- 
sults from the necessity of treating 
the produced oil and gas as separate 
fluids, independent of each other in 
their behavior. It is further assumed 
that the gas which is evolved in the 
reservoir as a result of pressure de- 
cline will not yield liquid upon the 
reduction of pressure and temper- 
ature. resulting from production 
through surface equipment. Although 
these shortcomings have been recog- 
nized, it has been difficult to attempt 
refinement of calculation procedures 
since the laboratory data available 
normally were not of the proper type 
or extent to permit such calculations. 
Three general procedures have been 
available for depletion drive calcula- 
tions when laboratory fluid data are 
of the conventional type. 


DIFFERENTIAL PROCEDURE 

The most simple, and most widely 
used, method requires use of the 
formation volume factor and gas sol- 
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ubility data obtained from a differ- 
ential liberation performed at reser- 
voir temperature. This procedure ig- 
nores the differences existing between 
the fluid behavior in the reservoir and 
its behavior as it is produced through 
surface separation equipment. The 
errors introduced are not serious 
when dealing with very low volatility 
fluids and this method may be util- 
ized if the laboratory data indicate 
only slight differences between the 
differential data and the flash data 
obtained from separator tests. 


MOobpIFIED DIFFERENTIAL 
PROCEDURE 

This method was developed when 
it became apparent that medium vola- 
tility fluids evidenced a wide differ- 
ence between the flash and differen- 
tial data. The differential data are 
adjusted by changing from a residual 
oil basis to a stock tank oil basis. All 
that is required is multiplication of 
the differential data by the ratio of 
residual oil to stock tank oil relative 
volumes existing for the original res- 
ervoir fluid at the determined satura- 
tion pressure. This procedure gener- 
ally results in increased calculated ul- 
timate recovery; however, such re- 
sults should be viewed critically. 
Upon examination it may become 
apparent that the results are infiu- 
enced by errors in reservoir liquid 
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saturation values introduced by con- 
verting the data to a stock tank basis. 
If the relative permeability data in- 
dicate that the reservoir behavior is 
not influenced greatly by a shift in 
saturation values, this method would 
appear to offer a considerable ad- 
vantage for medium volatility fluids. 


COMBINATION DIFFERENTIAL- 
FLASH PROCEDURE 


This method represents the most 
significant attempt to recognize the 
difference between the vaporizations 
occurring in the reservoir and in the 
surface equipment. Reservoir with- 
drawals and reservoir saturations are 
calculated using the differential data 
for various pressure levels and the 
produced liquid is then converted to 
stock tank oil through use of ap- 
propriate flash separation data. In or- 
der to apply this method it is neces- 
sary to have supplementary labora- 
tory data; namely, the: flash separa- 
tion data for the reservoir liquid 
remaining at various pressure levels 
during the differential vaporization 
procedure. 

Examination of the above three 
procedures makes apparent the fact 
that they still contain the two basic 
assumptions mentioned previously. 
No recognition is given to the influ- 
ence of the produced liquid and gas 
upon each other after they enter the 
flow-string, and the surface liquid 
recovery is assumed to result entirely 
from the liquid phase withdrawn 
from the reservoir. This situation fur- 
nished the incentive for development 
of a laboratory method which would 
recognize the different types of va- 
porization involved and would re- 
move the objectionable assumptions. 
It was decided to approach the prob- 
lem from the standpoint of hydrocar- 
bon compositions obtained from lab- 
oratory analysis of the particular 
system involved and the necessary 
procedures were developed. The pur- 
pose of this paper is to present the 
laboratory procedures and detailed 
calculation methods in a manner that 
will permit their application when 
required. 


LABORATORY TECHNIQUES 


The laboratory procedures em- 
ployed are very similar to those pres- 
ently in use in phase behavior studies 
of gas-condensate systems. The basic 
procedure is a constant-volume de- 

pletion, performed through step-wis+ 
pressure decrements. A known 
amount of reservoir fluid is placed 
in a windowed phase cell at reservoir 
temperature and a very careful deter- 
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mination is made of the volume oc- 
cupied at the saturation pressure. 
This volume is then designated as 
the original “reservoir” volume for 
purpose of the study. The system iS 
expanded to the first point of analysis 
and allowed to come to equilibrium. 
After sufficient time has elapsed for 
physical separation of the phases, the 
expanded volume is removed from 
the cell at constant pressure while 


returning the system to the original 
“reservoir” volume. Production from 
the phase cell is restricted to the gas 
phase and all produced material is 
analyzed by low temperature frac- 
tional distillation. Volumes of gas 
phase produced, and of gas and liquid 
phases remaining in the cell at each 
pressure level are experimentally de- 
termined. The residual liquid at the 
termination pressure also is analyzed 


TABLE 1—BASIC EXPERIMENTAL DATA: 
Hydrocarbon Analyses of Equilibrium Gas Phase 


CONSTANT VOLUME DEPLETION AT 215°F. 


Reservoir Pressure—psig 


Component 4,795 3,990 3,100 2,310 1,410 690° 0 
x Values are Mol Per Cent 
Carbon Dioxide 0.27 0.27 0.27 0.28 0.29 0.32 
Nitrogen 0.24 0.27 0.28 0.29 0.29 0.28 
Methane 66.83 75.94 79.34 80.87 80.74 77.75 
Ethane 8.28 8.23 8.29 8.44 8.85 9.90 
Propane SiS 4.59 4.41 4.35 4.65 5.69 
iso-Butane 1.04 0.90 0.77 0.75 0.77 0.94 
n-Butane 2.27 1.93 1.73 P52 1.61 2.08 
iso-Pentane 1.00 0.78 0.64 0.55 0.54 0.64 
n-Pentane 1.04 0.84 0.67 0.57 0.57 0.70 
Hexanes 1.85 1.24 0.90 0.72 0.65 0.73 
Heptanes plus 12.03 5.01 2.70 1.61 1.04 0.97 
Totals 100.00 100.00 100.00 100.00 100.00 100.00 
Molecular Weight Heptanes 
plus 182 144 123 115 112 112 
Density Heptanes plus 
Deviation Factor—Z 1.042 0.924 0.848 0.845 0.879 0.929 1.000 
Cumulative Volume of Pro- 
duced Gas—Mol Per Cent 0 9.054 22.100 36.318 55.083 70.880 88.659 
Liquid Phase Volume— 
Per Cent of Initial Hydro- 
carbon Pore Space 100.00 50,35 45.80 42.50 SLO 34.50 28.59 
26.40 
@ 60°F 


*Reservoir fluid composition at saturation pressure. 
**These values are based upon the characterization factor of the initial heptanes plus and are obtained 


from Brown, Katz, Oberfell and Alden, Natural Gasoline and the Volatile Hydrocarbons, 


Natural Gasoline Association of America, Tulsa, p. 


(Section One), 
79, 1948. 
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by tracuonal distillation. The basic 
experimental data thus obtained are 
tabulated in Table 1. 


Since the composition of the pro- 
duced gas for each pressure decre- 
ment is identical to that of the gas 
remaining in the cell at the end of 
the interval, knowledge of the vol- 
umes produced and remaining per- 
mits calculation of the amount of 
each hydrocarbon which must be in 
the liquid phase. This is the basic 
material accounting or compositional 
material balance which makes the 
subsequent calculations possible. By 
this very direct and simple means it 
is therefore possible to calculate the 
composition of the reservoir liquid 
phase at any point during depletion. 
Such a procedure, while simple in it- 
self, demands the very utmost in ex- 
perimental and analytical accuracy. 
The calculation process is continued 
to the termination pressure and the 
residual liquid composition is then 
compared to the experimental com- 
position obtained by fractional dis- 


- tillation to insure that a satisfactory 


balance has been obtained. Since all 
volumes are measured, it is also pos- 
sible to perform a volumetric balance 
based on the original volume of sam- 
ple to insure that no loss of material 
has occurred. The data thus obtained 
are presented in Table 2. 

In order to perform the required 
calculations, it is also necessary to 
measure or to calculate some related 
fluid properties which do not result 
directly from the depletion data. The 
hydrocarbon compositions of the pro- 
duced reservoir vapor are used to cal- 
culate the viscosity of this phase 
under reservoir conditions.’ A sup- 
plementary depletion is performed 
during which the viscosity of the res- 
ervoir liquid phase is determined as 
a function of reservoir pressure. The 
reservoir mobility ratio can then be 
calculated from the experimental 
saturations, the viscosities, and the 
appropriate relative permeability 
data. In the illustrated case, a typical 
curve for the relative permeability 
ratio was utilized.* In practice, of 
course, these data would be experi- 
mentally determined in view of the 
extreme importance of this property 
in the subsequent calculations. Trial 
and error methods must be employed 
here since the experimental liquid 
saturation must be corrected for the 
amount of produced liquid. In the il- 
lustrated case, the error involved 
would be negligible if the change in 
saturation were neglected. It would 
be advisable, however, to make a test 
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TABLE 2—LIQUID PHASE PROPERTIES DURING CONSTANT VOLUME DEPLETION AT 215°F 
(CALCULATED FROM LABORATORY DATA MATERIAL BALANCE) 


Hydrocarbon Composition of Equilibrium Liquid Phase 


Reservoir Pressure—psig 


Component 4,795 3.990 3,100 2,310 1,410 690 690 
* (Experi- 
mental) 
Values are Mol Per Cent 
Methane plus Nitrogen 67.07 55.89 44,51 35.16 23.30 12.64 12.98 
Ethane plus Carbon Dioxide 8.55 8.6] 8.55 8.2 7.42 5.41 5.00 
Propane 5.15 5.86 6.48 6.99 7.16 6.30 6.09 
iso-Butane 1.04 1.24 1.52 1.73: 1.92 1.97 1.69 
n-Butane 227 2.69 3.30 3.80 4.32 4.34 4.68 
iso-Pentane 1.00 1.26 1.65 1.98 2.36 2.67 2.385 
n-Pentane 1.04 1.30 1.70 2.06 2.45 2.79 2.66 
Hexanes 1.85 2.62 3.53 4.3 5.43 6.55 6.61 
Heptanes plus 12.03 20.53 28.76 35.65 45.64 5733 57.46 
Totals 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Molecular Weight Heptanes 
plus 182 194 193 191 190 190 187 
Density Heptanes plus 
—gms/cc : Se 0.801 0.808 0.807 0.806 0.805 0.805 0.804 
Molecular Weight Liquid 42.48 60.41 76.25 89.08 107.58 128.67 
Density Liquid—Lbs/Bbl 152.1 190.0 206.9 220.6 234.5 244.8 


*Reservoir fluid composition at saturation pressure. 


TABLE 3—CALCULATED HYDROCARBON COMPOSITION OF THE PRODUCED WELL-STREAM 


AS A FUNCTION OF 


RESERVOIR PRESSURE 
Reservoir Pressure—psig 


Component 4,795* 3,990 3,100 2,310 1,410 690 
Values are Mol Per Cent 

Methane plus Nitrogen 67.07 71.64 78.24 80.17 80.24 77.31 
Ethane plus Carbon Dioxide 8.55 Boze 8.56 8.71 9.12 10.17 
Propane 5.15 4.86 4.50 4.4] 4.68 5.70 
iso-Butane 1.04 0.96 0.80 0.75 0.79 0.95 
n-Butane PPM) 2.19 1.75 1.62 1.65 2.11 
iso-Pentane 1.00 0 39 0.67 0.58 0.57 0.68 
n-Pentane 1.04 0.93 0.70 0.60 0.60 0.69 
Hexanes 1.85 1.54 1.01 0.80 0.71 0.79 
Heptanes plus 12.03 8.56 CEE 2.36 1.64 1.60 

Totals 100.00 100.00 ~~ 100.00 100.00 100.00 100.00 
Molecular Weight Heptanes plus 182 Wes 145 10) 141 3 
Density Heptanes plus —gms/cc 0.801 0.798 ~ 0.774 0.771 0.772 0.774 


*Saturation Pressure. 


TABLE 4—-ULTIMATE RECOVERIES AT 690 PSIG FOR THREE LABORATORY PROCEDURES 


Per Cent of Initial Stock Tank 


Stock Tank Liquid Recovery 


Barrels Per Million Barrels of Initial 


Procedure Liquid in Place Reservoir Liquid 
Differential 2.63 8,950 
Combination Differential-Flash 3.49 11,910 
Constant-Volume Depletion 15.96 54,500 


solution before accepting this arbi- 
trary simplification. 

With the basic data then complete, 
it becomes possible to calculate the 
hydrocarbon composition of the pro- 
duced well-stream as a function of 
prevailing reservoir pressure. These 
data are tabulated in Table 3. As 
is apparent, the combined liquid and 
vapor phases are considered only as a 
hydrocarbon system and no effort is. 
made to maintain the identity of 
the phases separate from each other. 


RECOVERY CALCULATION 
PROCEDURES 


The remaining step in predicting 
the surface recovery as a function of 
reservoir pressure involves the use of 
equilibrium ratios. Since the volume 
and hydrocarbon composition of the 
produced well-stream is known, this 
final step is principally one of per- 
forming the necessary separator re- 
covery calculations. The procedure 
employed in the example is one 
which has attained rather widespread 
acceptance. Some choice of methods 


is possible, however, and the one em- 
ployed was selected since the data re- 
quired are available throughout the 
industry. If individual cases require 
some other choice, the method will 
lend itself to any such procedure 
since the necessary data are either 
determined or can be calculated 
readily from the reservoir fluid study. 
The equilibrium ratios were taken 
from the NGAA Equilibruim Ratio 
Data Book.’ The properties of the 
heptanes and heavier were correlated 
from the measured molecular weights 
and the high temperature distillation 
performed on the residue remaining 
from the fractional distillation of the 
separator liquid and appropriate 
equilibrium ratios were then selected 
based on these properties. The results 
of the calculations performed for the 
illustrative example are tabulated in 
Table 4. The predicted recovery is 
expressed in two forms. The first is 
as a percentage of the original stock 
tank oil in place, based on the origi- 
nal flash formation volume factor at 
saturation pressure. The second is in 
terms of barrels recovered per mil- 


po 
| 
= 


VISCOSITY LIQUID PHASE —CENTIPOISES 
VISCOSITY GAS PHASE — CENTIPOISES 


° 1000 2000 3000 4000 5000 
RESERVOIR PRESSURE —PSIG 


Fic. 2—Viscosity-PressurE RELATION- 
sHip oF RESERVOIR PHases at 215°F. 


lion barrels of original reservoir 
fluid. The first presentation can, of 
course, be varied by selection of dif- 
ferent separator conditions as a basis 
for determining the original stock 
tank oil in place. The second presen- 
tation is preferable since these data 
can be applied directly to the original 
reservoir volume in computing ulti- 
mate recoveries. 


In order to substantiate the neces- 
sity for. compositional analysis of the 
behavior of a volatile fluid produced 
by depletion drive, the recoveries pre- 
dicted by®two of the conventional 
volumetric material balance methods 
were calculated for comparison. The 
results of these calculations are also 
tabulated in Table 4 and shown 
graphically in Fig. 7. The basic data 
for these methods were determined 
experimentally and are shown in 
Figs. 4, 5, and 6. The resultant cumu- 
lative gas-oil ratios for the three com- 
parative methods are presented in 
Fig. 8. 


The first volumetric balance util- 
ized the differential procedure since 
this was felt to illustrate most em- 
phatically the erroneous results 
tained through use of this very sim- 
plified approach. 


The differential-flash procedure 
was used for the second method since 
this represents the most rigorous 
volumetric method possfble. Even 
with the increased complexity and 
the considerably more involved lab- 
oratory data, this volumetric method 
still yields ultimate recoveries which 
are far from realistic. 
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DISCUSS TON 


The most important part of the com- 
positional material balance method is 
the basic laboratory data. The con- 
stant-volume depletion, performed in 
the step-wise manner, will yield the 
information necessary for the mate- 
rial accounting procedure; however, 
the hydrocarbon compositions and 
the experimentally determined vol- 
umes must be accurate if the method 
is to be applied. The procedure is 
very versatile, however, and the well- 
stream compositions can be used to 
predict recovery through any sur- 
face separation arrangement. If 
changes in field separation practices 
occur during the production period, 
the ultimate recovery can be recal- 
culated to take into account the 
necessary conditions. The economics 
of gasoline plant operations or gas 
sales, compression requirements, or 
cycling can be resolved readily since 
the separator gas composition is ob- 
tained from the equilibrium ratio cal- 
culations. 

The actual laboratory depletion 
procedure merits some further dis- 
cussion since the literature contains 
many references to the actual vapori- 
zation process which occurs in the 
reservoir. It is apparent from even a 
cursory examination that the exam- 
ple used for illustration is best rep- 
resented by the constant-volume pro- 
cedure. It is not the purpose of this 
paper to resolve the question of the 
representative nature of laboratory 
studies; however, it is felt that the 
performance of the volatile oil reser- 
voir is erroneously represented by the 
conventional differential procedure 
employed in routine oil reservoir fluid 
studies. In the conventional study, all 
of the gas evolved at each pressure 
level is displaced from the phase cell, 
leaving only the reservoir liquid 
phase to represent the system dur- 
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ing the next depletion step. In the 
example, it can be seen that the 
_ liquid represents the minor portion 
of the system throughout the ma- 
jority of the study. The literature 
contains statements which would in- 
dicate that the composition of the 
gas produced from a volatile oil res- 
ervoir is independent of the depletion 
procedure. Examination of Fig. 9, 
showing the liquid phase volume 
during the constant-volume and con- 
ventional differential depletions, im- 
mediately proves that the gas must 
be seriously affected. Application of 
material accounting to the conven- 
tional differential data is not possible 
since the hydrocarbon compositions 
are not available; however, a simple 
test solution using equilibrium ratios 
would indicate readily the changes 
in composition of the evolved vapor 
in the two cases. 

Some concern was felt regarding 
the behavior of the system during 
the interval immediately below satu- 
ration pressure. The rapidly chang- 
ing liquid saturation over this inter- 
val could conceivably vary the sub- 

“sequent saturations if the depletion 
were made in smaller pressure decre- 
ments. Due to the difficulty in con- 
trol, it was not possible to directly 
evaluate this point experimentally. 
The question can be approached 
from a deductive standpoint through 
use of the experimental data avail- 
able. In the pressure decrement of 
8 psi immediately below saturation 
pressure, the system changes from 
single phase to 75 per cent liquid and 
25 per cent vapor. This phase change 
is accompanied by a change in the 
volume of the system of only 0.07 
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per cent. The over-all composition of 
the system and the subsequent be- 
havior would be virtually unaffected 
even though all of the produced ma- 
terial were assumed to be liquid. The 
actual case would not reach this ex- 
treme since at 25 per cent gas satura- 
tion, the producing formation has 
already attained some permeability to 
gas (Fig. 10). When the pressure 
has declined to 18 psi below satura- 
tion pressure, the system contains 33 
per cent gas phase and the formation 
permeability to gas has increased sig- 
nificantly. It follows, therefore, that 
use of smaller pressure decrements 
would accomplish little from the 
standpoint of changing the compo- 
sition of the system or the amount 
of produced liquid in the two-phase 
flow calculations subsequently per- 
formed. 


The basic assumption involved in 
the constant-volume approach is that 


the behavior of the system through-- 
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out the depletion is not affected by 
the production of liquid phase ma- 
terial. The validity of this approach 
is certainly influenced by the amount 


_-of liquid phase production; however, 


examination of the behavior of de- 
pletion drive reservoirs indicates 
quite readily that the amount of 
liquid phase remaining in the reser- 
voir exceeds the amount produced in 
even the low volatility reservoirs. In 
addition, throughout depletion, a sig- 
nificant portion of the reservoir vol- 
ume is occupied by vapor phase ma- 
terial. Removal of this vapor in lab- 
oratory studies of volatile systems 
obviously deviates markedly from the 
actual phase behavior of the reser- 
voir material and the removal may 
be of significance also in lower volatil- 
ity systems. 

The constant-volume depletion also 
affords a very convenient means of 
obtaining experimental equilibrium 
ratios. The compositions of vapor 
and liquid at the various pressure 
levels need only be divided one by 
the other to obtain these values. 
Availability of these ratios would 
permit any additional phase behavior 
calculations desired. In the event that 
stepwise equilibrium calculations were 
made, it would be possible to predict 
the behavior of the system without 
the necessity of adjusting literature 
equilibrium ratio values to fit other 
experimental data. 


No attempt has been made in this 
presentation to determine the aban- 
donment pressure. The necessary data 
are available, however, and calcula- 
tion of the necessary economic fac- 
tors would therefore permit selection 
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of the pressure at which to terminate 
operations. 


As a tentative guide to determina- 
tion of which fluids should be studied 
in the illustrated manner, it is sug- 
gested that any fluid which evidences 
condensation from the evolved gas 
during conventional differential va- 
porization studies should be consid- 
ered as one which requires use of 
the compositional material balance. 


CONCLUSIONS 


1. It is possible, through proper 
laboratory procedures, to obtain data 
which will permit calculation of ul- 
timate recoveries from volatile oil 
depletion drive reservoirs. The cal- 
culation procedures are sufficiently 
fixed to permit their application in a 
routine manner. 


2. The method presented in this 
paper can possibly be extended to 
study of other, less volatile, fluids as 
a solution to the problem of deciding 
which type of vaporization procedure 
should be used in volumetric material 
balance predictions. 


3. The method presented offers a 
means for predicting recoveries from 
those reservoirs whose produced sur- 
face liquid is primarily condensed 
from reservoir evolved gas. 


4. The compositional reservoir ana- 
lysis will permit economic evaluation 
of gasoline plant and allied problems 
through development of composition 
data for the surface gas throughout 
the productive life of a volatile oil 
reservoir. 
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APPENDIX 


OUTLINED PROCEDURE FOR 
RECOVERY CALCULATIONS 
UTILIZING LABORATORY 
CONSTANT-VOLUME 
DEPLETION DATA 


A. Properties of the equilibrium 
liquid phase during constant-vol- 
ume depletion. 


1. Hydrocarbon composition of 
the liquid phase. 


a. Assume 100 Ib-mols of 
initial reservoir fluid and 
distribute by components, 
according to the composi- 
tion of the fluid (Table 1). 


b. Obtain the molecular 
weight and density (pounds 
per barrel) of the initial 
reservoir fluid (Table 2) 
and convert the mols to 
barrels of space at the con- 
ditions of saturation pres- 
sure and reservoir tempera- 
(A 
times molecular weight and 
divided by density. 


c. Obtain composition of the 
equilibrium gas phase from 
smoothed curves (Fig. 1) 
for the first pressure level 
during depletion. 


d. Obtain the produced gas 
phase volume for the indi- 
cated pressure level (Table 
1). Convert to mols. 


e,, Convert (A. = A. = d) into 
molsof each component pro- 
duced, using the smoothed 
composition (A — 1 — c) 
for the indicated pressure 
level. 


f. Subtract the produced mols 
of each component (A — 
1 — e) from the initial 
mols of each component in 
the reservoir fluid (A — 1 
— a). (The remainder 
equals the total number of 
mols of each component in 
the two phases at termina- 
tion of the pressure inter- 
val.) 


g. Obtain liquid phase volume 
per cent (Table 1) for the 
indicated pressure level. 


h. Multiply (A — 1 — g) by 
the barrels of initial reser- 
voir fluid (A — 1 — b) to 
obtain the barrels of liquid 
phase. 


i. Subtract (A — 1 — h) from 
the constant reservoir vol- 
ume (A — 1 — 5) to ob- 
tain the barrels of gas 
phase in place at the indi- 
cated pressure level. 


j. Obtain deviation factor z of 
the gas phase for the indi- 
cated pressure level (Table 


k. Using 7) 
late the barrels per mol 
value for the indicated 
pressure (PV = ZnRT). 


Divide by. 
(A — 1 — k) to obtain the 
mols of gas phase in place. 


m. Distribute mols of gas 
phase (A. =, 1, = into 
mols of each component. 


n, Subtract (4° m) 
from the total mols (gas 
plus liquid phases) of each 
component in place (A — 
1 — f) to obtain the mols 
of each component in the 
liquid phase. 


mol per cent. 


p. Calculate liquid phase com- 
positions for the succeed- 
ing pressure levels by fol- 
lowing the material balance 
procedure outlined above. 


Molecular weight of the liquid 
phase during depletion (Table 


a. Calculate the weight of 
each component in the 100 
mols of initial reservoir 
molecular weight of hep- 
tanes plus obtained from 
laboratory data—Table 1). 
Obtain total weight in 
pounds. 


b. Calculate the weight of 
each component in the pro- 
duced mols of gas phase 
(A — 1 — e) for first pres- 
sure level. The molecular 
weight of heptanes plus ob- 
tained from laboratory data 
(Table 1).—Obtain total 
weight in pounds. 


c. Subtract (A — 2 — b) from 
weight of the gas plus liq- 
uid phases remaining at the 
end of interval. 


d. Calculate the weight of 
each component in the 
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mols of gas phase remain- 
ing (A — 1 — m). Obtain 
total weight in pounds. 


e. Subtract (A — 2 — d) from 
by compo- 
nents to obtain weight of 
components in liquid. Ob- 
tain total weight in pounds. 


f. Divide (4 — 2 — e) by 
the total mols of liquid 
(4 — 1 — n) to obtain 
molecular weight of liquid 
phase for first pressure 
level. 


g. Calculate molecular weight 
of heptanes plus in liquid 
phase (Table 2), (for sub- 
sequent calculations) using 
the identical material bal- 
ance procedure outlined 
above for molecular weight 
of liquid phase. 


h. Molecular weights of the 
liquid phase at each suc- 
ceeding pressure level are 
calculated using the identi- 
cal above-mentioned mate- 
rial balance procedures. 


Density of the liquid phase 
during depletion (Table 2). 


a. Divide weight of liquid 
phase (A — 2 — e) by vol- 
ume (4 — 1 — h) to obtain 
density (pounds per barrel) 
for first pressure level. 


b. Calculate density of hep- 
tanes plus in corresponding 
liquid phase (Table 2), (for 
subsequent calculations). 


(1) Divide weight of hep- 
tanes plus in initial res- 
ervoirfluid (A —2 —a) 
by the density (Table 
1) to obtain liquid vol- 
ume. 


(2) Obtain weight of hep- 
tanes plus in the pro- 
duced gas (A —2—)5) 
plus remaining gas 
(A — 2 — d), and di- 
vide by the density 
(Table 1), to obtain 
total equivalent liquid 
volume in gaseous 
phase. 

(3) Subtract b — (2) from 
b — (1) to obtain vol- 
ume of heptanes plus 
in the liquid phase. 


(4) Calculate density by 


dividing weight of hep- 
tanes plus (A — 2 — e) 
by. (3): 
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c. Densities of the liquid phase 
at each succeeding pressure 
level are calculated using 
the identical above-men- 
tioned material balance pro- 
cedure. 


B. Hydrocarbon composition of pro- 
duced well-stream (Table 3). 


1 


i) 


10. 


. Plot relative permeability ratio 


— K,/K, vs total liquid satura- 
tion (S, + S,,)—(Fig. 3). 


. Calculate viscosity of the gas 


phase for each pressure level 
using procedure developed by 
Carr, Kobayashi and Burrows’ 
—(Fig. 2). Determine the 
weighted average viscosity for 
the designated pressure inter- 


val — py. 


. Obtain the weighted average 


viscosity of the liquid phase 
(Fig. 2) for the designated 


pressure interval — s,. 


. Calculate the weighted average 


viscosity ratio — 


. Assume a total liquid satura- 


tion for the designated pressure 
level using the experimental 
saturation as a basis (Table 1). 


. Calculate a weighted average 


total liquid saturation for the 
interval. 


Using — 1) and (B 


obtain a value for K,/K,. 


. Calculate weighted average 


mobility ratio for interval — 
Multiply (B — 4) by (B — 7). 


. Convert the_total mols of pro- 


duced gas from the constant 
volume depletion to barrels at 
the designated pressure level 
(Cid 


Divide the produced reservoir 
volume (B — 9) into the re- 
spective proportions of gas 
phase and liquid phase in ac- 
cordance with the mobility ra- 


. Total liquid saturation check. 


a. Subtract produced reservoir 
liquid (B — 10) from the 
experimental liquid satura- 
tion (Table 1). (For the 
subsequent pressure inter- 
vals the produced reservoir 
liquid volumes are cumu- 
lated and subtracted from 
the experimental satura- 
tions. ) 


b. Calculate total liquid satu- 


ration and compare with 
initial assumed value. 


c. If the total liquid saturation 
values do not check favor- 
ably, assume a new value 
and repeat the above pro- 
cedure. 


12. If liquid saturation values do 


check, convert the produced 
volumes of reservoir liquid 
phase and gas phase to mols. 


a. Multiply barrels of pro-_ 
duced liquid (B — 10) by 
its density (Table 2) and di- 
vide by its molecular weight 
(Table 2) to obtain the 
mols of liquid. 


b. Divide the barrels of pro- 
duced gas (B — 10) by its 
barrel per mol value (A — 
1 — k) to obtain the mols 
of gas. 


. Distribute the mols of each 


produced reservoir phase 
(B — 12) by components using 
the respective gas phase (A — 
1 — c) and liquid phase (A — 
1 — o) compositions. 


. Sum the mols of each compo- 


nent and calculate the well- 
stream composition for the des- 
ignated pressure level. 


. Calculation of properties of 


heptanes plus in produced 
well-stream (for subsequent 
recovery calculations) (Table 


a. Obtain mols of heptanes 
plus for each produced 
phase (B — 13) — obtain 
total mols. 


b. Obtain molecular weight 
values of heptanes plus for 
produced gas (Table 1) and 
liquid (Table 2) phases and 
calculate the respective 
weights — obtain total 
weight. 


Divide (B — 15 — by 
(B = to obtain 
molecular weight. 


d. Obtain density values of 
heptanes plus for produced 
gas (Table 1) and liquid 
(Table 2). 


e. Calculate equivalent liquid 
volume of heptanes plus in 
each phase—(B — 15 — b) 
divided by (B — 15 — d). 
Obtain total equivalent liq- 
uid volume. 


to 


| 
| 3 
| 
| 
|| 


f. Divide total weight (B — 
15 — b) by total volume 
(B — 15 — e) to obtain 
density. 


C. Recovery calculations. 
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dis 


Obtain the appropriate equi- 
librium ratios (K values) for 
the desired surface separation 
conditions. 


Ubtain the produced well- 
stream compositions for each 
pressure level (Table 3). 
Perform flash equilibrium cal- 
culations for each produced 
stream composition (C — 2) 
by using equilibrium ratios 

Obtain the total mols of pro- 


duced well-stream for each 
pressure level (B — 14). 
Calculate the stock tank liquid 
and surface gas recoveries for 
each pressure level using the 
produced stream values from 
(CA); 

Calculate the cumulative re- 
coveries. tok 
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A Method for Predicting Depletion Performance of a 
Reservoir Producing Volatile Crude Oil 


JUNIOR MEMBERS, AIME 


ABSTRACT 


Future depletion performance and ultimate oil re- 
covery from reservoirs producing under volumetric con- 
trol are often predicted with the aid of a material bal- 
ance equation. When the reservoir fluid is very volatile, 
however, certain assumptions implicit in the use of the 
conventional methods are no longer valid. This is be- 
cause laboratory differential vaporization test procedures 
do not adequately represent the reservoir depletion 
process and the performance of surface separation fa- 
cilities. In such cases recovery of stock tank oil per unit 
of pressure decline can be predicted only from a de- 
tailed knowledge of the sevarator conditions and the 
over-all composition of the fluid entering the wellbore at 
each stage of depletion. Surface recovery is not simply 
related to the total quantity of liquid flowing into the 
well under reservoir conditions. 


In order to improve predictions for reservoirs which 
produce volatile oils, a stepwise method of calculation 
has been developed. This method uses relative permea- 
bility data and multicomponent flash calculations to pre- 
dict oil and gas production as a function of reservoir 
pressure. Calculations are presented for a reservoir con- 
taining a volatile crude oil, and predicted tank oil re- 
covery by primary depletion is more than twice that 
predicted by conventional methods which are known 
to be adequate for ordinary black crude oils. Calculated 
maximum produced gas-oil ratio is less than one-fourth 
of the conventional prediction. Wellstream compositions 
have also been used to determine variation in stock 


Original manuscript received in Petroleum Branch office on 
July 28, 1956. Revised manuscript received on Nov. 15, 1956. Paper 
presented at Petroleum Branch Fall Meeting in Los Angeles, Oct. 
14-17, 1956. 
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tank oil composition and liquid content of the separa- 
tor gas. This information is of narticular importance 
for crude stabilization calculations and for design of 
gasoline plant facilities to recover LPG and natural 
gasoline. 


N 


The estimation of oil reserves and the prediction 
of future recovery performance of petroleum reservoirs 
is a frequent task of the petroleum engineer. If the res- 
ervoir produces under volumetric control, performance 
calculations for primary depletion are made by com- 


~ bining oil and gas material balances with the gas-oil 


flow characteristics of the reservoir rock. For black oil 
reservoirs, the Schilthuis’ type material balance is com- 
monly employed. For gas or gas-condensate reservoirs, 
where only one phase is flowing under bottom-hole con- 
ditions, a more simplified material balance is used. 


In the period in which these material balance methods 
were conceived and put into practice, it was common 
to classify reservoirs according to the type of fluid pro- 
duced as (1) black oil reservoirs, or (2) gas or gas- 
condensate reservoirs. Recently, however, deeper drill- 
ing and more extensive studies of reservoir fluid prop- 
erties have led to the recognition of reservoir fluids 
with phase characteristics between those of ordinary 
black oils, and gases or gas-condensate fluids. These in- 
termediate fluids contain relatively large amounts of 
the hydrocarbons ethane through decane and are found 
in deep, high temperature (250°F) reservoirs. Such 
fluids are often referred to as high shrinkage crudes or 
“volatile oils.” They are usually characterized by tank 
oil gravities above 45°API, high solution gas/oil ratios, 


1References given at end of paper. 
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and reservoir volume factors above two. The composi- 
tion differences coupled with the effect of high bottom- 
hole temperatures and pressures are significant enough 
so that these fluids lie outside the range of application 
of the conventional material balance methods. Because 
of increasing occurrence and economic interest of such 
volatile oils, it appears desirable to develop some suit- 
able methods for predicting the performance of reser- 
voirs containing them. 

The purpose of this paper is to present a material 
balance method which represents a better model of 
the natural reservoir production process, and which 
therefore avoids some of the restrictive assumptions in- 
herent in the conventional methods. Although such as- 
sumptions are highly desirable because they make the 
calculations simpler, these same assumptions actually 
make an accurate prediction of oil recovery and gas- 
oil ratio performance impossible where volatile oils are 
involved. The method to be described is not only ade- 
quate for volatile oil reservoirs, but is also applicable to 
black oil and gas or gas-condensate reservoirs. Since 
the method is more general, it is also more complex, 
and should be used only where conventional methods 
fail, or where additional data such as wellstream com- 
positions are desired. 


OUTLINE OF THE PROBLEM 


In applying any material balance concept to the pre- 
diction of reservoir performance, the following prin- 
cipal assumptions are usually made: 


1. The reservoir behaves as a unit without local in- 
homogeneities such as saturation gradients, porosity 
variations, or permeability variations. 

2. The laboratory relative permeability data used in 
the calculation describe the basic fluid flow character- 
istics of the reservoir. 


3. The laboratory vaporization analysis of the original 
reservoir oil provides the proper PVT data for use in 
the calculation. 


The present paper is concerned only with the third 
assumption, i.e., properly accounting for phase behavior 
in the reservoir performance calculation, especially 
when dealing with volatile oils. 


Recent papers which have discussed this problem 
are those by Sloan’ in 1948, Cook, et al.,’ in 1951, Dod- 
son, et al.,* in 1953, and Woods’ in 1955. The problem 
may be separated into two parts. The first is that of 
defining a vaporization process which simulates the ac- 
tual reservoir depletion so that an identical process 
might be conducted in the laboratory to determine fluid 
properties for use in performance calculations. The sec- 
ond part is that of calculating tank oil volumes and 
separator gas volumes from a knowledge of the amounts 
of oil and gas flowing at bottom-hole conditions. These 
problems are discussed below. 


1. The processes which have been most universaliy 
believed to occur in the reservoir are either the equi- 
librium flash vaporization (all evolved gas remains 
in contact with the oil phase) or the differential vapori- 
zation (all gas is withdrawn as soon as it is evolved), 
or perhaps a simple combination of the two. Even 
though much has been said about the relevance of the 
two vaporization processes, little has been published 
showing what difference it makes which one is assumed 
to occur. For black oil systems, it has been said’ to 
make little difference which laboratory process is used 
to determine the change in fluid properties with pres- 
sure. The differential vaporization process, has, there- 
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fore, been almost universally used to obtain laboratory 
data for such reservoir fluids. 

However, the excellent descriptions of volatile reser- 
voir fluids given by Sloan’ and Woods’ suggest that a 
more thorough consideration of the actual vaporization 
sequence which occurs in the reservoir is actually 
needed. The reservoir fluids which these authors studied 
had critical temperatures near the actual reservoir tem- 
perature, and the relative oil volume data obtained by 
differential vaporization differ significantly from those 
obtained by equilibrium flash vaporization. This sug- 
gests that use of the two sets of data would lead to 
different calculated values of the oil saturation and 
composition at any pressure, resulting in a somewhat 
different calculated production history. From this stand- 
point, it appears important to more accurately define 
the vaporization process which actually does occur in 
the reservoir. . 

2. In the conventional performance calculation, the 
volumes of tank oil and separator gas production have 
been usually taken, incorrectly, to be simply related to 
the oil shrinkage and to solution gas determined by 
laboratory differential vaporization, which separates the 
oil and gas at reservoir temperature. Since final separa- 
tion of the wellstream mixture (oil plus gas produced 
at the bottom-hole conditions) really occurs at the tem- 
peratures and pressures of the surface separators, the 
error in this concept was eventually recognized. Never- 
theless, the error involved is numerically small for 
black oils produced from reservoirs at moderate 
temperatures and pressures. For lighter crudes (40°- 
45° API) and higher reservoir temperatures (150°- 
250°F), the numerical error resulting from this ap- 
proximation is larger and corrections were devised. 
The most common procedure to correct for this error 
has been to differentially vaporize the reservoir oil sam- 
ple and, during the process, to make equilibrium flashes 
of portions of the reservoir oil (at each pressure) to 
surface conditions. 


For still lighter crudes (45°-55°API) and higher 
reservoir temperatures (above 250°F), it was soon rec- 
ognized that appreciable tank oil was also obtained 
from the reservoir gas phase produced at bottom-hole 
conditions. Accordingly, Cook and co-authors’ developed 
a method for calculating the amount of additional tank 
oil contributed by the flowing reservoir gas phase. How- 
ever, this method is still based upon a laboratory differ- 
ential vaporization test, and may therefore not provide 
correct results, in view of the previous discussion. 


PROPOSED SOLUTION 


In searching for a solution to the over-all problem, 
attention was first directed to the reservoir vaporization 
process. It should be recognized that a pre-determined 
laboratory vaporization process cannot adequately rep- 
resent all reservoirs. On the contrary, the actual vapori- 
zation sequence which occurs in each reservoir is de- 
termined by the production process itself as it progresses. 
That is, the naturally imposed volumetric balance in- 
terwoven with the rock flow characteristics determines 
the vaporization history in any particular reservoir de- 
pletion. Such a process would be exceedingly difficult 
to duplicate experimentally in the laboratory. Neverthe- 
less, it is possible to simulate each reservoir depletion 
process in detail by a stepwise computation procedure 
involving multicomponent flash calculations. Although 
such calculations are tedious and time consuming, they 
pose no real problem since they may easily be made on 
a large scale using digital computers. 
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The following stepwise calculation sequence is pro- 
posed. In a chosen pressure increment, (1) the change 
In composition of the in-place oil and gas is determined 
by a flash calculation, (2) the total volume of fluids 
produced at bottom-hole conditions is determined by a 
volumetric material balance, and (3) ‘the relative 
amounts of oil and gas produced at bottom-hole con- 
ditions are in the proportions dictated by the k,/k, curve. 
A trial procedure is necessary to simultaneously satisfy 
the second and third of these conditions at each pres- 
sure step in the depletion. When this is done, the re- 
sults obtained are the amount and composition of the 
total wellstream fluid for a series of pressure increments 
covering the production life of the reservoir. The total 
wellstream fluid is then flashed to separator conditions 
to obtain gas/oil ratio and volume of stock tank oil 
produced during each pressure increment.* 

This calculation procedure is believed to adequately 
account for the actual reservoir and surface vaporiza- 
tion processes. The major difficulty involved is the 
choice of appropriate equilibrium vaporization ratios, or 
“K values,” for use in the flash calculations, This point 
is discussed in detail in the following section. 


THE CALCULATION PROCEDURE 


Certain preliminary experimental data and calcula- 
tions are required before the actual reservoir perform- 


“ance calculation can be started. These data and calcu- 


lations accomplish several purposes: 

1. The state and composition of the reservoir fluid 
at the initial pressure used in the performance calcula- 
tions must be known. 

2. Appropriate sets of equilibrium vaporization ratios 
(K values) must be established, covering the entire 
reservoir pressure range for the reservoir temperature, 
and covering the temperature and pressure at which 
surface separation is performed. 

3. A few experimental liquid phase densities at reser- 
voir conditions are desirable as a check on the use of 
the existing correlations for calculating liquid densities 
at the various stages of depletion. 

4. Experimental oil phase viscosity data are needed 
at reservoir temperature since a satisfactory correlation 
for calculating such information is not available. 


The initial reservoir fluid composition can be found 
from a bottom-hole sample if the fluid exists as a sin- 
gle phase in the reservoir. Recombined separator sam- 
ples will give the same information, and are necessary 
if two phases exist in the reservoir. In such a case, 
relative permeability data are also needed to establish 
the existing oil and gas saturations. 

When the reservoir composite analysis has been es- 
tablished, a laboratory experimental equilibrium flash 
curve (showing volume per cent liquid as a function 
of pressure) is determined on that composite. These 
data are then used to establish reservoir K values in 
the following way: A set of K data is chosen initially 
from any suitable source and the K values are adjusted 
by trial calculation (mostly by variation of the values 
for methane and the C, + fraction) until they may be 
used to reproduce by calculation the experimentally de- 
termined flash curve. It is believed that such an em- 
pirically adjusted set of K values will adequately repre- 


*It is interesting to note at this point that in the corrective pro- 
cedure developed by Cook, et al.,3 the reservoir oil and reservoir 
gas are flashed to surface conditions separately. In the present cal- 
culation scheme, both phases are co-mingled as a wellstream and 
flashed together in one separator. It can be shown that somewhat 
different amounts of tank oil are obtained in the two cases. 
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sent the particular reservoir fluid in the subsequent 
performance calculations. It is advantageous, in this 
work, to adjust the K data to match as many pieces of 
supplementary experimental data as possible. An ex- 
ample would be the bubble point of the original reser- 
voir fluid. In measuring the experimental flash curve, 
one or two sets of samples of co-existing vapor and 
liquid may also be withdrawn for density and com- 
position measurements (the vapor and liquid must be 
withdrawn in the proper proportion so as not to alter 
the over-all composition of the fluid in the cell). The 
sample compositions thus provide some direct experi- 
mental points on which to base the K values being 
adjusted for use in the computations. For further dis- 
cussion of the methods for adjusting generalized K 
values to fit a particular system the reader is referred 


to Standing’s book.’ 


Since liquid and gas phase density correlations*’ are 
used both in adjusting K values and subsequently in 
the performance calculations, the experimental densities 
obtained serve as a check on those correlations. A check 
of this sort is particularly necessary for the liquid densi- 
ties because the correlation in Ref. 8 has been found to 
predict low values at low densities (0.4 to 0.6 gm/cc) 
and at high temperatures (above 200°F). 

The oil phase viscosity data are obtained by a semi- 
differential vaporization of the original reservoir com- 
posite fluid and the gas phase viscosities are calcu- 
lated.” Data for interstitial water content and relation- 
ship of k,/k, to gas-saturation must also be established 
by suitable tests. 


In the reservoir performance calculations, the material 
balance is conveniently made for a unit of hydrocarbon 
pore space and is started by choosing a definite pressure 
increment, AP, = P, — P,. The number of mols of the 
reservoir composite which is contained in the unit pore 
space at P, is first flashed to the next lower pressure, 
P,.** Next, the value of the resulting gas saturation at 
P, is assumed. From this assumed gas saturation, the 
flowing bottom-hole gas/oil ratio at P, may be calcu- 
lated from the oil and gas phase viscosities and the 
k,/k, data. Since the gas saturation at P, has been as- 
signed, the final volume (and therefore the number of 
mols) of each phase in the unit volume is determined, 
and the over-all composition and remaining number of 
mols of reservoir composite at P, can be computed. The 
difference between the reservoir composite at P, and 
the composite at P, may now be taken as the total 
amount and composition of the well-stream produced 
for the given pressure increment, P, — P,. 

The correctness of the assumed gas saturation at P, 
is tested by flashing the resulting wellstream com- 
position at the average pressure of the increment, 

(3 
tom-hole gas/oil ratios at P, and P,. If satisfactory 
agreement is not obtained, a new approximation to the 
gas saturation at P, must be made and the calculation 
is repeated. When a check is obtained, the reservoir 
material balance for the given pressure increment. is 
complete. A second pressure increment is then chosen 
and a second material balance calculation is performed, 


) , and comparing with the average of the bot- 


**A calculation method based on the same principles used here 
has been developed by Brinkman.! According to Brinkman, the 
actual reservoir composite at a given pressure is calculated more 
rigorously by a longer trial procedure, rather than approximated 
by the previous composite as done in the present method. The au- 
thors believe, however, that the additional trial procedures used in 
the Brinkman method are probably not justified in most situations 
since the improvement in accuracy is not large. 
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resulting in the amount and composition of the well- 
stream fluid produced during the second pressure incre- 
ment. Calculations of this type are then repeated until 
the reservoir depletion pressure is reached. 

The primary results obtained from such a series of 
steps are: (1) the amount, and (2) the composition 
of the total well effluent for each of the reservoir pres- 
sure increments. These wellstreams must then be flashed 
at chosen separator conditions to determine the incre- 
mental volumes of separator gas and stock tank oil pro- 
duction corresponding to each of the reservoir pressure 
increments. The calculated separator gas/oil ratio is 
then considered to be the average for that pressure 
increment. 

These latter data are the data usually required in a 
reservoir performance analysis. However, the method 
of calculation described provides additional useful in- 
formation not usually obtainable with the conventional 
material balance. For example, the wellhead effluent 
compositions are valuable for predicting optimum sur- 
face processing facilities throughout the life of the field. 
Decisions regarding construction of natural gasoline 
plants may be made to better advantage if these well- 
stream composition data are available in advance of 
current production. For the separator conditions used 
in the calculation, the condensable liquid content of 
the primary separator overhead is immediately avail- 
able, as well as the tank oil gravity. The variation of 
these quantities throughout the producing life of the 
reservoir is simply calculated and the results may be 
useful in determining the value of the produced fluids. 


RESULTS AND DISCUSSION 


PREDICTION BY VOLATILE O1L METHOD 


The calculation method described above has been 
applied several times to predict the depletion perform- 
ance of recently discovered fields producing volatile 
oils. One such study for a field in North Louisiana 
provides an excellent example, and the calculated per- 
formance predictions are presented below. 

The field was discovered in late 1953 and produces 
from the Smackover lime at about 10,000 ft. Reservoir 
temperature is 246°F and discovery pressure was 5,070 
psia. Producing gas/oil ratios averaged about 2,000 
cu ft/bbl at discovery, and the wells produced a me- 
dium orange colored oil having a gravity of slightly 
over 50°API. Conventional reservoir volume factor is 
4.7. Present productive limits are estimated to be about 
2,500 acres. The reservoir is believed to be under 
volumetric control with a sealing fault on one side, 
and water and loss of porosity on the remaining three 
sides. 

A bottom-hole sample was obtained from an early 
well one month after completion. The sample showed 
a bubble point pressure of 4,836 psia at the bottom- 
hole temperature. The field gas/oil ratio data showed a 
sharp decrease at about 4,900 psia, also indicating that 
a bubble point was reached at that pressure. From 
these data it was concluded that the oil being produced 
into the wellbore at the time of sampling was either 
saturated or slightly undersaturated. The composition 
of the bottom-hole sample was then used to represent 
the original reservoir fluid composition. 

Additional laboratory tests of the type described 
earlier were made on the bottom-hole sample. These 
tests included oil viscosity versus pressure from a differ- 
ential vaporization test, liquid volume versus pressure 
from an equilibrium flash vaporization test, and density 
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and composition of several samples of oil and gas with- 
drawn during the equilibrium flash vaporization test. 
The connate water saturation was established from 
capillary pressure tests On cores from one well, and 
the k,/k, data used were the weighted average of gas/oil 
relative permeability characteristics of eight selected 
cores from the same well. These latter data were de- 
termined according to the method described by Owens, 
et al.”, and did not appear unusual in any way. 

The K values for the calculations at reservoir con- 
ditions were chosen in the following way: First, K 
values for all components were estimated at reservoir 
temperature by extrapolation of the data of Katz and 
Hachmuth”. The K values for methane and for the 
C,+ fraction were then adjusted carefully so that the 
experimental flash curve for the bottom-hole sample 
could be reproduced by calculation. Fig. 1 shows the 
degree of fit with the experimental data. The agreement 
is considered satisfactory. 

The calculated wellstream composition data are shown 
as a function of reservoir pressure in Table 1. These 
data are instructive in visualizing the changes in compo- 
sition of the total wellhead effluent as reservoir pres- 
sure declines. The large composition changes suggest, 
for example, that it may be advantageous to alter sepa- 
ration conditions during field life. In using the data of 
Table 1 to calculate oil and gas production, field sepa- 
rator conditions of 500 psia and 65°F and stock tank 
conditions of 14.7 psia and 70°F were chosen. The re- 
sulting calculated cumulative stock tank oil production 
and calculated producing gas/oil ratio are shown in 
Fig. 2.* These data constitute the usual information re- 
quired of a conventional material balance. The curves 
of Fig. 2 will, or course, vary slightly with assumed 
field separator conditions. Furthermore, since the calcu- 
lated wellstream composition data are available, de- 
tailed separator performance calculations can easily be 
made to show optimum separator conditions for any 
period during the life of the reservoir. 

The separator gas composition data, which are val- 
uable for plant studies, are partially shown in Fig. 3, 
expressed as GPM of the recoverable light hydrocarbon 
fractions. The tank oil gravity was calculated from the 


=The reservoir pressure and producing gas/oil ratio are shown 
as functions of the amount of tank oil production per barrel of 
hydrocarbon (HC) pore space. Use of the barrel of hydrocarbon 
pore space as a reference is not common, but is more appropriate 
than use of total stock tank oil in place. First, the amount of stock 
tank oil in place will vary with chosen separator conditions, and 
is therefore not really a characteristic of the reservoir. Second, total 
barrels of oil production at any pressure may be simply obtained by 
multiplying the abcissa of Fig. 2 by the product of reservoir volume, 
porosity, and hydrocarbon saturation. 
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stock tank oil composition and is also shown as a func- 
tion of reservoir pressure in Fig. 3. The shape of this 
latter curve differs from that for less volatile oils in 
that it shows a steadily increasing tank oil gravity 
throughout the reservoir life. For ordinary crude oil 
reservoirs, tank oil gravity usually decreases after dis- 
covery, reaches a minimum late in the life of the reser- 
voir and then may increase slightly near depletion. 

The reservoir fluid composition data are shown at 
several pressures in Table 2. In the description of the 
calculations, it was postulated that the composition of 
the over-all mixture in the reservoir changed little with 
pressure, in order to simplify the calculation and 
eliminate additional trial and error procedures. Table 2 
shows that this is largely true. Greater changes with 
pressure occur in the range below 2,500 psia. However, 
in this range of pressures, the calculated wellstream com- 
position is not very sensitive to composition of the 
over-all reservoir mixture. 


Table 2 also includes reservoir oil and gas phase com- 
positions. The gas compositions show that a relatively 
large amount of the heptanes and heavier fraction is 
in the vapor phase even down to 1,000 psia. Thus at 
high bottom-hole gas/oil ratios, the reservoir gas pro- 
duced contributes significantly to the stock tank oil 
obtained. As a matter of fact, at some point in the 
depletion history, more stock tank oil is contributed by 
_Ahe reservoir gas produced into the wellbore, than by 
the flowing reservoir oil phase. The contribution of 
the flowing reservoir gas phase to the tank oil produc- 
tion is not adequately accounted for in conventional 


methods of calculation. Nevertheless, this produced 
oil may contribute substantially to the tank oil recov- 
ery from volatile oil reservoirs. 


COMPARISON WITH CONVENTIONAL 
PERFORMANCE PREDICTIONS 

To illustrate the need for such special treatment for 
the example reservoir, performance predictions were 
also made using conventional material balance tech- 
niques". For such calculations a differential vapori- 
zation analysis of the bottom-hole sample is required. 
Although normally these data would be obtained ex- 
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TABLE 1—CALCULATED COMPOSITION OF THE WELLSTREAM OR TOTAL WELLHEAD EFFLUENT 
(Mol Fractions) 


Component 


Reservoir Pressure, psia 
4.836* 4,768 4,550 4,300 _ 3,750 2,750 1,750 750 
Nitrogen .0167 .0147 .0170 0205 0235 .0235 0215 0165 
Methane -6051 .5718 .6109 6711 7298 .7582 7570 7001 
Carbon Dioxide -0218 0215 .0218 0224 0236 -0250 0267 0274 
Ethane .0752 .0764 -0751 0737 0736 .0775 .0838 1004 
Propane .0474 .0496 -0470 0437 0411 -0412 -0451 0616 
Butanes -0412 .0442 .0407 0359 0315 -0296 0308 0466 
Pentanes .0297 -0325 .0292 0246 0200 -0171 0161 0246 
Hexanes .0138 .0154 .0135 0108 0082 -0064 0057 0076 
Heptanes plus -1491 -1739 1448 0973 0487 .0215 0133 0152 
Cr + 181 
Sp. Gr. Cz + 799 


*Original reservoir fluid at its bubble point; analysis of bottom-hole sample. 


TABLE 2—CALCULATED RESERVOIR FLUID COMPOSITIONS 
(Mol Fractions) 


Reservoir Pressure, psia 


Component 
4.836* 4,700 4,600 4,500 4,400 4,000 3,500 3,000 2,000 1,000 
COMPOSITE OR OVER-ALL MIXTURE IN THE RESERVOIR 
i -0167 -0168 .0168 .0168 0167 0164 0160 0152 0128 0085 
thas -6051 -6060 -6062 -6062 6057 6001 5925 5766 5193 3937 
Carbon Dioxide 0218 0218 .0218 -0218 0218 0217 0216 .0214 0201 0163 
Ethane .0752 .0752 -0752 -0752 0752 0753 0754 .0754 0743 0674 
Propane .0474 0473 .0473 0473 0474 0477 0480 .0488 0510 0527 
Butanes .0412 -0411 0411 0411 0412 0416 0422 0434 0476 0559 
Pentanes .0297 -0296 0296 -0296 0296 0301 0307 .0319 0367 0475 
Hexanes .0138 .0138 .0137 0137 0138 0140 0144 0151 0179 0244 
Heptanes plus -1491 -1484 1483 -1483 1486 1531 1592 1722 2203 3336 
RESERVOIR OIL PHASE 
i 0142 -0131 0123 0115 0087 0066 -0047 0025 0010 
Manne -5632 -5448 5297 5147 4667 4204 .3682 2662 1561 
Carbon Dioxide -0214 .0213 .0212 0210 0202 0192 0177 0141 0090 
Ethane .0767 .0772 .0775 0776 0777 0776 .0754 0681 0521 
Propane -0502 -0512 -0520 0528 0549 0568 .0587 0600 0542 
Butanes .0449 .0476 0487 0520 0555 0663 0706 
Pentanes -0332 .0346 .0358 0368 0404 0440 -0485 0580 -0679 
Hexanes -0159 0166 .0174 0180 0199 0221 0246 0303 0371 
Heptanes plus -1803 1948 -2065 2189 2595 2978 -3430 4345 5520 
RESERVOIR GAS PHASE 

i .0256 -0256 0257 0262 0261 .0253 -0230 0198 
.7571 .7575 7617 7700 7780 .7770 7719 7491 
Carbon Dioxide -0231 .0230 0231 0231 0237 0243 .0248 0261 0274 
Ethane .0698 .0702 -0705 0710 0722 0730 .0754 .0804 0902 
Propane -0376 .0379 -0380 0380 0384 0386 .0393 -0420 0504 
Butanes 0281 .0283 0282 0283 0278 .0282 -0290 0339 
Pentanes 0171 .0173 .0174 0173 0170 0163 .0160 .0155 0170 
Hexanes .0065 .0067 -0066 0065 0065 0061 0059 -0055 0056 
Heptanes plus .0379 .0341 -0330 0285 0177 0098 0081 0066 0066 

*Original reservoir fluid composition; fractional analysis of bottom-hole sample. 
31 
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perimentally, in this case the differential vaporization 
data were actually computed, using the same K values 
and fluid properties correlations which were used in 
the volatile oil calculations described above. It was felt 
that this would make the comparison of calculated reser- 
voir performance by the two methods even more di- 
rect and valid, since the question of whether or not 
exactly correct K values were used is then irrelevant. 

Fig. 4 shows a comparison of the oil production his- 
tory calculated by conventional material balance and 
by the volatile oil method described in this paper. The 
results show that calculated total tank oil production 
from the reservoir will be 244 times as great as that 
calculated using the conventional method. Comparison 
of gas/oil ratio performance predicted by both methods 
is shown in Fig. 5. This information is important where 
gas/oil ratio penalties are involved, and, together with 
cumulative gas production data, forms a basis for sched- 
uling gas sales. Total gas production to an abandonment 
pressure of 500 psi calculated by the volatile oil method 
is 870 SCEF/bbl hydrocarbon pore space while the 
corresponding result by conventional methods is 945 
SCF/bbl hydrocarbon pore space. Cumulative gas/oil 
ratios calculated by the two methods are 11,500 SCF/bbl 
and 33,800 SCF/bbl, respectively. 

An interesting comparison is that of the reservoir 
volume factor obtained by differential vaporization of 
the bottom-hole sample, and the actual ratio of bottom- 
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hole flowing oil volume to surface oil production vol- 
ume. This comparison is shown in Fig. 6. At 3,200 psia, 
a barrel of stock tank oil is obtained for each barrel of 
reservoir oil which flows into the wellbore at bottom- 
hole conditions. This means that the shrinkage of the 
reservoir oil on flashing down in the separators is ex- 
actly offset by stock tank oil production contributed by 
the reservoir gas phase. At lower pressures, the con- 
tribution of the gas phase is greater than the contribu- 
tion of the flowing reservoir liquid phase. 

A comparison of the reservoir gas saturation vs pres- 
sure obtained by the two calculation methods is shown 
in Fig. 7. There is little difference between the two. This 
suggests that the major error involved in applying con- 
ventional material balance methods to prediction of 
depletion performance consists of improperly determin- 
ing surface production from calculated bottom-hole 
oil and gas production rates. This comparison also sup- 
ports the validity of the approximate procedure de- 
scribed by Cook, et al’. 

It is clear from the above results that a conventional 
material balance can be grossly in error when used for 
certain types of reservoir fluids. In the present exam- 
ple, for which the reservoir volume factor by differen- 
tial vaporization was 4.7, the expected tank oil recovery 
is 24 times that predicted by conventional methods. In 
another case studied by the authors where the reservoir 
volume factor was about 1.9, the expected tank oil 
recovery was calculated to be only 10 per cent greater 
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than that calculated by a conventional analysis. The dif- 
ference to be expected in any given situation will not 
depend simply or the reservoir volume factor, but will 
be a complex function of reservoir fluid composition 
and reservoir temperature and pressure. 

It should be fully recognized that, although the cal- 
culation method described in this paper has been 
proposed for calculating depletion performance of 
volatile reservoir fluids, it has several advantages for 
black oil systems of lesser shrinkage, even though the 
conventional material balance gives good results for 
such systems. Furthermore, the material balance method 
used here may also be applied with minor, suitable 
variations, to the calculation of performance by other 
producing mechanisms, such as gas injection. The well 
stream composition data which are calculated would 
allow careful separator and plant studies to be made 
over the life of the field. This factor assumes increas- 
ing importance as greater emphasis is placed on the 
individual components in well effluents by plant and 
refinery technology. 


SUMMARY AND CONCLUSIONS 


1. In the present day practice of predicting reservoir 
performance by material balance calculations, certain 
assumptions are made which give poor results if the 
reservoir contains a volatile oil. 

2. A calculation method has been developed to 
minimize the errors due to these assumptions. 
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3. Use of this method to calculate primary depletion 
performance for a reservoir producing an oil whose ~ 
reservoir volume factor is 4.7, predicts that cumulative 
stock tank oil would be 2% times that predicted by 
conventional methods. 

4. The volatile oil method provides composition data 
for all phases and streams, the most important of which 
is the total wellstream. These data are valuable for 
separator, crude stabilization and gasoline plant studies 
covering the life of the field. 

5. Although the method described is most valuable 
for predicting behavior of high shrinkage crudes, the 
principles may be applied with advantage to any type 
of reservoir fluid without exception. 
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ABSTRACT 


Conventional methods of producing crude oil gen- 
erally leave in the depleted reservoir I to 3 bbl of oil for 
every barrel brought to the surface. This paper describes 
a field test which explores the possibility of using gas- 
driven liquid propane to improve oil recovery efficiency. 

Laboratory theoretical and experimental studies lead- 
ing to the field test indicated that low residual oil values 
could be obtained using limited amounts of propane 
driven by gas. The field test involved (1) repressuring 
the reservoir to the vapor pressure of liquid propane, 
(2) injecting the liquid propane, and (3) injecting dry 
natural gas to drive the propane and oil to the producing 
wells. Considerable preliminary work, including new 
drilling, work-overs, and a pressure survey was neces- 
sary. 

During the test, oil production rates have averaged 
about nine times the final primary rates. The field aver- 
age GOR is still below the pre-test value. Oil recovery 
to date is 112,000 STB. About one-third of the 143,- 
000 bbl of propane injected has been produced to date. 
Results of the C-2 block test are encouraging and larger, 
more definitive field projects are indicated. 


ENT 


The cost of finding new crude oil reservoirs continues 
to increase. Today the oil industry is drilling more and 
deeper wells and making fewer big discoveries. Never- 
theless, the demand for oil and oil products increases 
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each year. It is natural that oil companies, faced with 
this situation, concentrate on recovering more of the 
oil existing in our known crude oil reservoirs. There is 
room for much improvement. For every barrel of oil 
brought to the surface by present day methods of pro- 
ducing crude oil, generally 1 to 3 bbl are left behind 
in the depleted reservoirs. 

The “unrecoverable” oil in petroleum reservoirs is 
largely “trapped” by capillarity. Since flushing with a 
solvent is exceedingly effective in combatting oil loss 
due to capillarity, much effort in this direction has been 
made in recent years’”’**, Liquefied petroleum gas 
(LPG) has been suggested as a relatively inexpensive, 
abundant, easily recoverable solvent for crude. Some 
operators have observed striking responses in oil recov- 
ery at production wells offsetting input wells in LPG 
storage reservoirs’’*. In spite of the low unit cost of 
LPG, however, it is uneconomic in general to inject a 
volume of LPG into a reservoir to remove a like vol- 
ume of oil. 

A modification of solvent flushing in which a limited 
quantity of liquid propane is gas driven through a res- 
ervoir appears capable of recovering much more than 
1 bbl of oil per barrel of propane injected. Also, most 
of the propane injected should be recoverable for sale 
or re-use. Since such a process could well have wide- 
spread and profitable application, The Carter Oil Co. is 
making an extensive evaluation of the technique’s pos- 
sibilities. 

Laboratory development of the gas-driven propane 
recovery technique was sufficiently encouraging to jus- 
tify testing in the field. Since 1952, the Production and 
Research Departments of The Carter Oil Co. have 
cooperated in a field test in the C-2 Block leases of the 
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Seminole City pool, Seminole County, Okla. 

This paper describes the progress of the field test 
through May 31, 1956. The supporting laboratory 
phases of the program are discussed. 


DESCRIPTION OF PROCESS 


The process tested in the C-2 Block involves the fol- 
lowing procedure. A pre-determined quantity of liquid 
propane is injected into the reservoir which is at a pres- 
sure no lower than the vapor pressure of propane. As 
injection proceeds, the propane flows out in all direc- 
tions from each input well, building up an oil bank 
ahead of it. When all the propane is in the reservoir, 
gas is injected to move the propane and the oil to the 
producing wells. The propane will be moved through 
the reservoir both as a liquid being driven by the gas 


and as a vapor being carried in the gas from a region 


of vaporization to a region of condensation. The mov- 
ing propane drives the oil ahead of it. 


LABORATORY INVESTIGATIONS 


An extensive program was undertaken at The Carter 
Research Laboratory to explore the gas-driven liquid 
propane process. Both mathematical and éxperimental 
studies indicated that the method warranted field ap- 
_ plication. 


MATHEMATICAL RESULTS 


Equations were developed which permitted the cal- 
culation of liquid and gas saturations and compositions 
within a linear, homogeneous, porous medium being 
exploited by a gas-driven volatile solvent process as 
functions of dimensionless time and dimensionless dis- 
tance from the injection well. This mathematical de- 
velopment was based on (1) material balance equations 
for the gas, solvent, and oil components, (2) assumed 
vapor-liquid equilibrium at each cross-section, and (3) 
the flow for each phase at any cross-section being di- 
rectly proportional to its relative permeability and in- 
versely proportional to its viscosity. The reliability of 
the results calculated from these equations is dependent 
upon the validity of the following assumptions: 

1. At any given cross-section in the porous medium, 
the gas and liquid phases are each homogeneous and in 
equilibrium with each other. 

2. Changes in composition in the direction of flow 
due to longitudinal diffusion can be neglected. 

3. The capillary pressure gradient can be neglected 
in comparison with the dynamic pressure gradient. 

4. The operation can be considered to take place 
at constant pressure. 
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5. The solubility of the driving gas in the solvent and 
in the oil can be neglected. 

6. The volatility of the oil can be neglected. 

The curve in Fig. 1 shows the calculated relation- 
ship between oil recovery and the amount of liquid 
propane injected for a nitrogen-propane-decane system 
in a consolidated sandstone at 80°F and a pressure of 
365 psia. The oil recoveries shown by the curve required 
the injection of five to six hydrocarbon volumes of gas 
measured at operating temperature and pressure. (The 
hydrocarbon volume, abbreviated H.V. in some figures 
of this paper, of a system is defined as that fraction of 
the total pore space which is not occupied by interstitial 
water.) This is the amount of gas required to drive the ~ 
propane evaporation front to the production face. The 
curve in Fig. 1 shows that complete oil recovery is 


—theoretically attainable for the system considered with 


about one-third of a hydrocarbon volume of liquid 
propane. Perhaps of even greater importance is the 
nearly complete recovery indicated for much smaller 
volumes of propane. 

Fig. 2 results from the mathematical study and shows 
the conditions existing at a given instant in an idealized 
reservoir being exploited by the gas-driven propane 
process. The driving gas is entering at the left of the 
upper diagram. The part of the reservoir nearest the 
injection well, Zone I, contains only connate water and 
the flowing gas. During the time which has elapsed since 
the process was started, the propane has displaced all 
of the oil from this region and has in turn been dis- 
placed by the gas. Part of the propane flowed as a 
liquid from Zone I. The rest was evaporated by contact 
with the flowing gas. The point where the gas first con- 
tacts liquid propane is defined as the boundary between 
Zone I and Zone II. To the right of this boundary, the 
gas is saturated with propane vapor. This change in 
composition of the gas generates an evaporation front 
which moves toward the producing wells. 

The fluids-in Zone II, in addition to the connate 
water, are flowing liquid propane and gas saturated 
with propane vapor. There is no significant transfer of 
material between gas and liquid phases in this zone. 
The right hand boundary of this zone is defined as the 
point where oil is first encountered. 

In Zone III, both the liquid and gas phases are chang- 
ing in composition. The propane concentration is a 
maximum for each phase at the Zone II-Zone III boun- 
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dary and decreases continuously toward the right to the 
value which existed in the reservoir at the time liquid 
propane injection was begun. Propane is being absorbed 
by the oil throughout Zone II, this absorption ceasing 
at the Zone III-Zone IV boundary. The compositions 
existing in Zone IV are the original reservoir composi- 
tions and no significant transfer of material between gas 
and liquid phases occurs in this region. 

Zones I and III tend to grow with time while Zones 
Il and IV shrink. After Zone IV disappears, propane 
production begins and Zone III begins to shrink. Zone 
II disappears when the propane evaporation front over- 
takes the Zone II-Zone III boundary. This occurs be- 
fore the evaporation front reaches the producing wells 
if the amount of propane which was injected was less 
than that required for complete oil recovery. After this 
time, oil is left behind the advancing evaporation front. 
If the gas drive can be continued until the evaporation 
front is completely driven through the formation, all 
the injected propane will have been produced. 


The microscopic distribution of fluids within each 
zone is illustrated in Fig. 2 in the circular areas which 
are located beneath their respective zones. 


EXPERIMENTAL RESULTS 


Linear model reservoirs 2 in. in diameter and up to 
20 ft long were constructed from different porous media 
to test the gas-driven liquid propane process. After 
saturating each model with interstitial water and either 
decane or Soltrol (a light oil approximating kerosene 
in composition), an external gas drive was run until the 
producing GOR exceeded 10 Mcf/bbl in order to simu- 
late depleted reservoir conditions. Following the ex- 
ternal gas drives, predetermined quantities of liquid 
propane were injected and gas driven through the mod- 
els at slow, steady rates. The time to run a test varied 
from one to three months. Early work showed that op- 
erating efficiency was improved as model length was 
increased and the rate of exploitation decreased. 


Initial experiments were run in a 20-ft linear model 
of consolidated sandstone using the same system and 
operating conditions for which the oil recovery curve in 
Fig. 1 was calculated. The results of these tests are 
shown in Fig. 1. The agreement between theoretical and 
experimental values is considered good since the maxi- 
mum deviation is only about 3 per cent of the hydro- 
carbon volume. 


Typical results obtained with an 18-ft linear model 
of Bartlesville sandstone are shown in Fig. 3. This sand- 
stone has an air permeability of 50 md, a porosity of 
22.8 per cent, and an interstitial water saturation of 41 
per cent of the pore volume. The run was made at an 
average pressure of 350 psig with a pressure drop 
from inlet to outlet of 10 psi. The run was carried out 
at room temperature which averaged 73°F. Using a 
propane bank size of 35 per cent of the hydrocarbon 
volume, a reduction in oil saturation from 52 per cent 
to 4 per cent of the hydrocarbon volume was obtained. 
Most of the recovered oil was produced at a GOR less 
than 10 Mcf/bbl. Propane production did not begin 
until most of the oil was produced, and continued until 
all propane had been recovered. 


In other experiments in linear flow systems, recover- 
ies superior to waterflooding have been obtained with 
as little as 0.075 hydrocarbon volumes of propane. As 
a result of the encouraging laboratory results, plans 


were made to test the gas-driven propane process in the 
field. 
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TEST SITE DESCRIPTION 


The discovery well of the C-2 Block leases in Semi- 
nole County, Okla., was completed in the Booch forma- 
tion in 1929 with an initial productivity of 475 B/D. 
The Booch sandstone in this location is a very minor 
producing horizon which occurs at a depth of about 
3,500 ft. From 1929 to 1936, four other production 
wells and three dry holes were drilled in the same vi- 
cinity. One of the five production wells was uneconomic, 
and was abandoned after having produced only a few 
hundred barrels of oil over a period of several months. 
The four remaining production wells constituted the 
total development of the pool until the start of the test. 

The Booch sandstone is one member of the wide- 
spread McAlester formation, and is of lower Pennsyl- 
vanian age. The mechanics of its origin in the C-2 Block 
vicinity are not rigorously known, but it is believed to 
have developed by the local deposition of sand on the 
flood plain of a larger channel deposit. The sand in the 
C-2 area has the wide distribution, slightly sinuous 
course, chemical and mechanical impurity, and shale- 
outs within its lateral limits which are characteristic 
of this type of deposit. 

The Booch sand at the C-2 Block is a medium-fine 
to very-fine grained, silty, micaceous, quartzitic sand- 
stone containing partings of micaceous, silty shale. Near 
the middle of the reservoir, where productivity is high- 
est, the sand becomes less shaly, less silty, and more 
porous. 

Core analysis information indicates that porosities in 
the reservoir average about 18 per cent. Air permeability 
varies from about 1 to 100 md, with the average be- 
ing about 30 md. In the developed portion of the reser- 
voir, total reservoir thicknesses vary from about 12 to 

The natural depletion mechanism which operated in 
the reservoir is thought to be solution gas drive alone. 
No water was produced during primary production. 
Water saturations measured in cores cut with oil and 
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the irreducible water values determined by the restored 
State technique’ indicate an average connate water of 35 
per cent. 

Oil produced from the C-2 Block reservoir is a 
typical Mid-Continent crude with an API gravity of 36 
to 38 degrees. Its viscosity at the reservoir temperature 
of 120°F and at atmospheric pressure is about 3 cp. 


TEST SITE DEVELOPMENT 


Fig. 4 shows the location of all wells in the C-2 
Block area. The four primary production wells are the 
Wisner No. 1, the Sanford Nos. 1 and 2, and the 
Hodges No. 1. Workover operations on these wells 
were conducted during the summer and early fall of 
1953. In general, it was necessary to re-shoot the Booch 
sand with nitroglycerine and clean out each well. In 


one case, the Wisner No. | well, it was necessary to per-_ 


form a primary casing cementing job to permit oper- 
ating the well with a bottom-hole pressure in excess of 
the propane vapor pressure. 

The Wisner G-1 was successfully drilled early in 
1953 as an injection well for propane and gas. This 
was followed by the drilling of the Wisner No. 2 as a 
new production well and the Sanford G-1 as another 
injection well for propane and gas. The Wisner W-1 
and Sanford W-1 wells were drilled so that a water 
barrier could be established across the northern end of 
the test area. Such a barrier was considered essential to 
minimize the loss of hydrocarbons from the test area. 
The test area is defined as that portion of the reservoir 
which is shown between the dashed lines in Fig. 4. The 
reservoir volume of this area is believed to be 2.7 mil- 
lion bbl and 1.5 million bbl of oil are estimated to have 
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been in place at the time the test was started. It was 
decided on the basis of the production behavior and 
the poorly developed section encountered in the San- 
ford G-1 well that a water barrier at the south end of 
the reservoir was not justified. Similarly, it was not 
feasible to prevent the loss of some hydrocarbons to the 
east. 

Although not directly related to the test, other wells 
have been drilled in the area. Carter has drilled four 
productive wells north of the water input wells in a defi- 
nite extension of the pool. Competitors drilled a dry 
west offset to the Wisner W-1, and the south offset to 
the Hodges No. 1. These five producing wells, also in- 
dicated on Fig. 4, are being observed regularly for pos- 
sible test influence. f 


TEST OPERATION 


REPRESSURING WITH GAS 


At the reservoir temperature of about 120°F, the 
vapor pressure of liquid propane is 250 psia. Since it 
was necessary to keep the injected propane in the 
liquid state, it was required that reservoir pressure be 
increased, prior to propane injection, to that pressure. 
Between early May and July 15, 1953, a total of ap- 
proximately 54 MMcf of gas was injected into the 
newly completed Wisner G-1 for this purpose. 

Preliminary to gas injection, a bottom-hole-pressure 
survey was made to measure reservoir pressure and to 
get an idea of how-much gas would be required to re- 
pressure the pool. This survey was continued without 
pause into the gas injection period to prove the ques- 
tionable well-to-well continuity of the Booch formation. 
Approximately two weeks following the start of gas in- 
jection, definite increases in bottom-hole pressures were 
noted in the four production wells, indicating they were 
interconnected through the same formation. 


PROPANE INJECTION 

Six million gallons (143,000 bbl) of propane were 
injected into the reservoir. Of this total, two-thirds, or 
95,000 bbl, were scheduled for the Wisner G-1 well 
and the rest for the Sanford G-1 well. Injection at the 
rate of about 1,000 B/D began on July 15 at the Wis- 


_ner G-1 well. When the Sanford G-1 well became avail- 


able in August, the propane was split between the two 
wells at volumes calculated to permit the termination 
of injection at both wells simultaneously. Propane in- 
jection was completed on Oct. 30, 1953. 


Gas DRIVE 

A gas compressor station was installed in the field 
near the gas input wells in early 1954. Injection of dry 
natural gas was started at the G-1 wells in early March, 
1954, to propel the propane banks through the reservoir 
toward the production wells. The injection of gas has 
continued with only minor interruptions to the present 
time. 

Nearly 325 MMcf of gas were injected during the 
period. Wellhead injection pressures were held at ap- 
proximately 700 psig. Bottom-hole pressures, taking into 
account both fluid head and loss due to friction in the 
pipe, were about 10 per cent higher. Average daily in- 
jected volumes were about 400 Mcf although actual 
volumes varied from 250 Mcf/D to over 1 MMcf/D. 
Throughout the period an attempt was made to balance 
injected and withdrawn volumes. 

Injected gas was obtained from the Grisso gasoline 
plant. Recycling of the produced gas and propane was 
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not undertaken in the field due to the proximity of the 
plant. In a full field application, however, it would 
usually be economically desirable to recycle the pro- 
duced gas and propane for most of the life of the op- 
eration, processing for propane recovery only toward 
the end. 


OIL PRODUCTION 

The final primary oil production rate from the four 
original production wells had decreased to a total of 
15 B/D. Fig. 5 presents oil production data from Jan. 
1, 1953 through May 31, 1956. The production indi- 
cated for the period of Nov., 1953, to March, 1954, 
during which time no injection was proceeding, was due 
generally to increased reservoir pressures and liquid 
saturation accompanying the prior injection of propane. 
Gas injection was being held up temporarily to allow 
getting a good start on the water barrier. All production 
wells were back-pressured to 250 psig during this in- 
terval to prevent vaporization of the propane in the res- 
ervoir. When reservoir pressures in the vicinity of the 
wellbores became greater than that pressure, some oil 
production occurred. Early response to the gas-driven 
propane bank increased oil production rapidly to over 
200 B/D from the five test wells. Prorationing allow- 
ables restricted production for about a year following 
this initial response. The average rate since the start of 
the gas drive has been 130 B/D, which is about a nine- 
fold increase over the final primary rate. 

As seen in Fig. 5, 112,000 STB of oil have been 
produced starting in mid-August, 1953. The injection 
of water at the W-1 wells to minimize fluid migration 
from the test area is believed to have caused the inci- 
dental production of not more than 10 per cent of this 
total. 

Production rates are decreasing and the period of 
flush production is past. About 80 per cent of the es- 
timated ultimate recovery by the gas-driven propane 
process was produced by May 31, 1956. 


Gas PRODUCTION 

Final primary GOR’s of about 7.5 Mcf/bbl decreased 
rapidly under the conditions of the gas-driven propane 
test to less than 1 Mcf/bbl. In general, GOR values 
during the test period have varied inversely to oil pro- 
duction rates. Fig. 5 includes GOR data for the field. As 
will be noted, ratios have increased in the past year. 
Present GOR’s for the field exceed 6 Mcf/bbl. Most of 
the gas from pumping wells is produced through the 
casing head at a back pressure of about 250 psig. Gas 
production is measured with conventional orifice meters 
and is delivered to the Grisso plant for processing. 


PROPANE PRODUCTION 

Breakthrough of injected propane into all five test 
wells was observed almost immediately after the start 
of the gas drive. Propane is believed to have channeled 
through the more permeable zones in the formation, but 
the quantities produced were not considered excessive. 

Propane production characteristics are included in 
Fig. 5 as oil-propane ratio data. These data start in 
Feb., 1954, when 22 bbl of oil per barrel of propane 
were produced. This ratio decreased rapidly to 3.5 
when the gas drive was begun. The ratio subsequently 
decreased gradually and was 1.5 in May, 1956. About 
48,000: bbl of propane have been produced at an aver- 
age produced oil-propane ratio of 2.3. 
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PRESSURE DISTRIBUTION 

Pressure buildup surveys have been made on all 
wells in the C-2 Block at approximately six-month in- 
tervals since the start of the test. For each survey all 
wells were shut in for periods of about four days, dur- 
ing which time eight to 10 bottom-hole pressure deter- 
minations were made for each well. Final pressures 
served as the basis for the construction of pressure dis- 
tribution maps, which in turn allowed determination of 
a weighted average pressure for the reservoir. Pres- 
sures were maintained well above the vapor pressure 
of liquid propane. 

Reservoir pressures were highest in the general vicinity 
of the Wisner G-1, the Wisner W-1, and the Sanford 
W-1 injection wells, decreasing substantially to the north 
as well as to the south. 


WATER INJECTION AND PRODUCTION 

Water injection, following its inception on Jan. 1, 
1954, was continued at an average rate of about 800 
B/D until Oct., 1954, when it was concluded that a 
satisfactory water barrier had been established. In Octo- 
ber, after the injection of about 200,000 bbl, rates were 
decreased to those necessary to maintain 100 psig well- 
head pressures. Total input averaged 550 to 600 B/D 
under these conditions. Water breakthrough occurred in 
Jan., 1955, at the Wisner No. 1 production well after 
the injection of 254,000 bbl of water into both W-1 
wells. Rates of injection were again decreased to about 
40 B/D per well. For the past 1% years, rates have 
been controlled to allow the maintenance of the water 
barrier and to hold water production to a minimum. 
Under these conditions, the Wisner No. 1 has produced 
an average of 2 to 3 BWPD. The Wisner No. 2 has 
also recently shown traces of water production. 

As of May 31, 1956, approximately 280,000 bbl had 
been injected at the W-1 wells. Of this total, about 60 
per cent was injected at the Wisner W-1 with the re- 
mainder going to the Sanford W-1. These quantities 
were in proportion to the reservoir volume to be filled 
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through each well. Although the total amount of water 
injected was much larger than the total amount of oil 
produced, most of the injected water definitely should 
have gone north, due to much lower pressure and the 
thicker sands in that direction. Of the remainder which 
came south, nearly all would be required to fill the res- 
ervoir voids in the region between the water injection 
wells and the Wisner wells, the two closest producers. 
The oil-propane ratios and the cumulative oil produc- 
tion per foot of net sand for the two Wisner wells did 
not differ significantly from the corresponding values 
for the other producers. This is further evidence that 
the injection of water caused the production of only a 
minor amount of waterflood oil. 


CONCLUSIONS 


The field test will be continued as long as gas injec-— 


tion is economic. Meanwhile, further studies will be 
made to achieve the most rigorous possible interpreta- 
tion of test performance. Although the test is not yet 
complete, it is believed that the following conclusions 
are justified: 

1. Laboratory experiments and _ theoretical calcula- 
tions both indicate that the gas-driven propane process 
is capable of higher oil recovery efficiencies in linear, 
homogeneous porous media than conventional secondary 


recovery processes. Effects of reservoir heterogeneities, 


gravity segregation, and pattern limitations should be 
studied further. 

2. The C-2 Block test showed that large quantities of 
liquid propane could be injected into an oil reservoir 
and gas driven without severe channeling to the produc- 
tion wells. Furthermore, this test showed that substan- 
tial quantities of oil could be produced by the gas-driven 
propane process at modest propane-oil and gas-oil ratios. 

3. The results of the C-2 Block test are encourag- 
ing. While these results do not allow a complete evalua- 
tion of the process, the experience gained will be a dis- 
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tinct aid in planning and operating larger, more defi- 
nitive field applications in which repeated well patterns 
and adequate confinement of the reservoir fluids will be 
possible. 
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ABSTRACT 


This paper discusses a new oil re- 
covery process called the “miscible 
slug process.” This process involves 
the injection of propane or LPG into 
the reservoir prior to gas injection. 
The operating conditions are main- 
tained so that the slug is miscible 
with both the reservoir oil and the 
injected gas phase. Thus, a miscible 
phase displacement is achieved, and 
high recoveries are obtained from the 
area of the reservoir contacted. 


The most striking discovery of the 
laboratory study which included dis- 
placements from cores up to 123 ft in 
length was that relatively small slugs 
of LPG are effective over reservoir 
distances in the miscible displace- 
ment of oil. This makes possible the 
commercial application of the process. 


The important factors controlling 
the size of the slug are: (1) reservoir 
length, (2) reservoir fluid composi- 
tion, and (3) reservoir pressure at the 
displacement front. Of lesser impor- 
tance are the effects of injection rate 
and porous medium type. Questions 
which have not been completely an- 
swered deal with the effects of gravity 
and reservoir inhomogeneities on the 
process. 
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uscript received Nov. 4, 1956. Paper present- 
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INTRODUCTION 


One of the major problems facing 
the oil industry today is recovery of 
the large fraction of the discovered 
oil which will remain unrecovered 
unless some new processes are found. 
Water flooding has been one success- 
ful method used to increase recovery 
over natural depletion. But even 
successful water floods may leave 25 
to 40 per cent of the pore space 
filled with residual oil. 

Recently a process which involves 
the use of thermal energy has been 
reported’”* which may prove useful 
in increasing recovery from shallow 
reservoirs containing highly viscous 
crudes. This paper deals with a new 
cil recovery process involving use of 
miscible phases to displace the oil 
from the reservoir. Miscible phase 
displacement oii has been an intrigu- 
ing idea because the elimination of 
capillary effects in the reservoir leads 
to 100 per cent recovery in the areas 
contacted by the miscible displacing 
phase. The big deterrent in the past 
to the practice of miscible phase dis- 
placement has been the high cost in- 
volved in using large volumes of sol- 
vent in the process. The use of high 
pressure gas to achieve a miscible 
phase displacement of reservoir oil 
has been reported*” as one econom- 
ically feasible method. However, this 
process calls for the maintenance of 
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pressures above 3,000 psi at the dis- 
placement front. 

The process described in this paper 
is not restricted to high reservoir 
pressures; the only qualification being 
that the slug of material which is 
injected into the reservoir must be 
miscible with both the displaced oil 
and the displacing phase. Two such 
cases are the use of an alcohol slug 
followed by water to achieve a mis- 
cable water flood, and the use of a 
low boiling hydrocarbon slug such 
as propane followed by gas to 
achieve a miscible gas drive. This 
paper will deal specifically with the 
propane slug process. This process 
will obtain a miscible phase displace- 
ment at pressures as low as about 
1,200 psi at a reservoir temperature 
of 150°F. 

The process is very simple. The 
propane displaces oil completely at 
one front because it is miscible with 
the oil, and gas displaces the pro- 
pane completely at a second or trail- 
ing front because it is miscible with 
the propane. A small band of pro- 
pane should thus remain wedged 
between the gas and oil phases. This 
idea has been called the “miscible 
slug process.”* Unfortunately, the 
propane slug will become diluted as 
it flows through the reservoir. This 
results from a mixing action since 
the fluids flow through a complex 
reservoir porous medium rather than 
simple capillaries. 

Fig. 1 diagrams a miscible slug 
aisplacement. The effects of some of 
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Fic. 1—Miscrpte Stuc Process. 


Effect on Required Slug Size 


The longer the reservoir, the smaller percentagewise* are the 


slug requirements in terms of the pore volume contacted. 


Slower rates are favorable, causing a slower drop in maximum 


Propane concentration. 


Variabla 
Reservoir Length Major Effect: 
Injection Rate Minor Effect: 
Porous Medium Type Small Effect: 


Pore size distribution differences are minimized in miscible 


phase displacement. 


*Slug volume X oc L4 where L is the length of the reservoir PY (Pore volume) a L .* 


the more important variables are 
also included in this figure. The study 
of the factors controlling dilution of 
the propane slug and methods of 
determining the size of propane slug 
to use in the reservoir are the pri- 
mary concern of this paper. Many 
of the factors which cause dilution 
of the propane slug in the gas-pro- 
pane-oil system will also be pertinent 
to studies of the miscible waterflood 
displacement process involving alco- 
hol slugs. The highlights of the 
process are presented next. The sup- 
porting experimental data are dis- 
cussed in later sections. 


TYPICAL MISCIBLE SLUG 
DISPLACEMENT RESULTS 


The feasibility of using a small 
slug of propane to miscibly displace 
reservoir oil from a long laboratory 
simulated reservoir has been experi- 
mentally demonstrated. In this experi- 
ment, Reservoir Fluid A ( composi- 
tion listed in Table 1) was displaced 
from a 123-ft unconsolidated sand 
packed tube by a very small slug of 
propane (equivalent to only 1.5 per 
cent of the total pore space). The 
propane in turn was displaced by a 
lean gas phase at 2,900 psi. The ulti- 
mate recovery of stock tank oil by 
this slug process was 95 per cent of 
in-place oil. This represents a large 
increase Over the 66 per cent recov- 
ery obtained from using lean gas 
alone at 2,900 psig. 

This is an increase (over the very 
favorable gas drive) of about 11 
bbls of stock tank oil per barrel of 
propane injected. It is fairly typical 
of the successful propane slug dis- 
placements and forcibly illustrates 
the large potential stakes to be 
gained by practice of the process. 
The principal purpose of construct- 
ing the 123-ft unconsolidated sand 
column was to provide a path length 
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approaching reservoir dimensions to 
help in scaling slug sizes to those 
needed in typical reservoirs. 

The emphasis of these studies of 
the miscible slug process has been 
directed toward the effect of the fac- 
tors dealing with scaling the slug 
size to reservoir dimensions. The 
most striking effect noted was related 
to the length of the path traveled. 
Other factors to be discussed deal 
with effects of reservoir pressure, 
reservoir fluid composition, injection 
rate, and porous medium type. 


EFFECT OF PATH LENGTH 
ON SLUG SIZE REQUIREMENT 


The quantity of slug required to 
maintain a miscible phase displace- 
ment over any given path length 
varies directly with the square root 


of that path length. For example, the. 


displacement described in the prev- 
ious section required a slug equiva- 
lent to 1.5 per cent of the pore space 
to maintain a miscible phase displace- 
ment for a 123-ft path length. In 
terms of slug volume this was 70 cc 
of liquid propane measured at 2,900 
psi and 140°F. If the reservoir length 
were increased by a factor of nine to 
1,107 ft, the slug volume required 
to maintain a miscible phase dis- 
placement over the longer pathlength 
would be increased only to 210 cc. 
This means that the slug size, in 
terms of per cent of the total pore 
volume, can be reduced from 1.5 
per cent for the 123-ft core to 0.05 
per cent for the 1,107-ft core. 


The mechanistic explanation of 
this length effect is keyed to the 
method by which by-passed material 
is recovered by the displacing phase 
and involves some of the concepts 
of miscible phase displacement. 


MISCIBLE PHASE DISPLACE- 
MENT MECHANISM 


Recently several laboratories have 
been concerned with the mech- 
anism of miscible phase displace- 
ment.”"*""" Rosenberg’s data on 
miscible phase displacement in a 
porous medium were interpreted by 
him as substantially confirming Tay- 
lor’s” work with capillary systems: 
Taylor’s work showed that the de- 
gree of mixing between displaced 
and displacing liquid phases was a 
function of injection rate and the 
distance traveled by the displacing 
front. The studies in this laboratory 
are interpreted as confirming their 
findings as to the effect of length on 
mixing but not showing the rate 
effects (for liquid systems) to the 
degree suggested by their theoretical 
treatment. Since rate effects were not 
observed in liquid systems it appears 
that the mechanism is being con- 
trolled by mechanical mixing with 
only minor effects noted from dif- 
fusional mixing. 

Miscible phase developments in 
actual cores and synthetic porous 
media were observed using X-ray 
and microscopic techniques. It was 
apparent that most of the oil initially 
in place is displaced at the boundary 
between the oil and the displacing 
phase. The small amount of oil by- 
passed at the front because of local 
inhomogeneities continues to flow 
and mixes with the flow stream as 
it emerges from the region of by- 
passing; some mixing by diffusion 
also occurs at this time. As a conse- 
quence of these actions there is only 
displacing fluid present at some dis- 
tance behind the front, and thus 
there exists between the displaced 
and displacing fluids a zone consist- 
ing of the mixture of both fluids. If 
a miscible slug is present, a similar 
zone exists at the rear as well as at 
the front of the slug (since the fluid 
behind the slug is also miscible 
with it). 

The size of the mixing zone be- 
tween two miscible fluids increases 
with distance traveled; and, for the 
case of a slug, the maximum con- 
centration of the material in the 
slug will drop eventually below 100 
per cent. When this occurs, propane 
(considered as the slug material here) 
mixed with reservoir oil from the 
front of the slug contacts propane 
mixed with injected gas from the 
rear of the slug. Mixing continues 
with distance until the propane con- 
centration drops to such a point that 
miscibility cannot be maintained in 
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the gas- and oil-diluted system, and 
the slug is no longer effective. 

The mixing zones at the front and 
rear of the slug act as buffer zones 
to keep the propane concentration at 
the center of the slug higher than 
might otherwise be expected. At the 
front end of the slug, the main body 
of the slug is being mixed with a 
propane-oil mixture instead of an 
oil phase alone; and this works in 
the direction of reducing the rate of 
dilution. At the rear end of the slug, 
the gas which is diluting the slug 
contains some propane, and _ this 
also works to reduce the rate of dilu- 
tion under that which it would be if 
gas alone were contacting the main 
body of the slug. This buffering 
action of the zones ahead of and 
behind the main body of the slug 
leads to the favorable length effect 
mentioned earlier. 


EXPERIMENTAL VERIFICA- 
TION OF LENGTH EFFECT 


CYCLING RUNS 


The length effect was studied 
experimentally in displacements from 
20-ft and 123-ft unconsolidated sand 
columns and a 9-ft consolidated sand 
core using miscible fluids of matched 
density and viscosity. Matching the 
densities eliminates gravity effects, 


and matching the viscosities elim- 
inates fingering. Thus the effect of 
length on slug depletion could be 
studied in the absence of confusing 
side effects. Table 2 lists some of the 
pertinent properties of the cores used. 

In order to provide longer core 
lengths than would usually be prac- 
tical in laboratory studies, a tech- 
nigue was devised which involved 
cycling fluids from the outlet of the 
core through suitable measuring and 
pumping equipment back into the 
inlet of the core. The concentration 
profiles of the slug were measured 
at the effluent end of the core after 
each cycle. Mixing effects between 
cycles are thought to be minor since 
fingering has been eliminated by 
matching viscosities of the phases. 
Fig. 2 shows a diagram of the equip- 
ment used. The cycling technique is 
valid up to the point where the slug 
has spread out to such a length that 
it covers more than one core length. 
When this occurs, the rear of the 
slug will be contacted by the re-in- 
jected front end of the slug; and 
further measurements of concentra- 
tion have little meaning. Table 3 
summarizes some of the pertinent 
run conditions in the slug displace- 
ments, and Figs. 3 and 4 show typi- 
cal slug concentration profiles which 
were measured during the displace- 


ments. The results of all the slug 
runs were correlated by the follow- 
ing expressions: 
X = 31.2L"y for unconsolidated 
sand 
X = 50.6L‘y for Torpedo sand- 
stone 
where X = slug size (expressed as a 
per cent of the pore volume) 
to provide a given maximum 
slug concentration after it has 
traveled a fixed path length, 
L = reservoir path length, feet 
y = concentration of slug material 
at the center of the slug after 
traveling reservoir pathlength, 
L, fraction. 


(These expressions fit the data for 
slug concentrations, y, be- 
tween 0.20 and 0.80.) 


These correlations substantiate the 
statement that the required slug size 
(expressed as per cent of the pore 
space) varied inversely as the square 
root of the reservoir path length. 
Further substantiation was obtained 
in long core displacements involving 
the use of a typical lean injection 
gas. small propane slugs, and simu- 
lated reservoir fluids. Some of these 
displacements are described in later 
sections of the paper. 


The above correlations show that 


TABLE 1—PROPERTIES OF RESERVOIR FLUIDS USED IN 


SLUG DISPLACEMENTS 


TABLE 2—PROPERTIES OF POROUS MEDIA USED 


IN FLOW TESTS 
Unconsolidated 


Fluid A B D E Torpedo Sandstone Sand 
Bubble Pt. PSI 2780 1525 2900 1710 0 Air permeability 400 md 7700 md 
Temperature °F 140 180 214 108 75 Porosity 23.5% 38.5% 
Gas-Oil Ratio SCF/STB 1500 335 375 412 0 
Viscosity 
(at Sat. Press ) cp 0.30 0.42 132 1.3 0.57 
Form. Vol. Factor resbbI/STB 1.82 1.18 1.24 1.24 1.0 GAUGE 
Composition 
(mol. per cent) GQ 42.7 255 40.5 24.8 _ 
Ce F235 3.4 2.2 6.3 —_— SMALL VOLUME 
Cy 10.2 352 0.7 4.5 — RECIPROCATING SAFETY 
Cy 6.2 3.0 0.3 4.2 —_ PUMP VALVE 
Cs 3.8 0.4 3.9 
len 4.1 0.9 5.9 
1+ 21.3.0 58.7. 55.0: 50.4. -100:0 
100.0 100.0 100.0 100.0 100.0 
M.W.Ci+ 191 185 259 249 116 
SoC2-Co 36.0 15.8 4.5 24.8 0 = 
Injected Tail Gas Composition (Mol. Per Cent) ° 
Ci 85.0 2 
Ce 15.0 
LOW VOLUME 
i FLUID RESERVOIR 
AND VENT 
TABLE 3—DISPLACEMENTS USING CHEMICAL OSCILLOMETER TO Q 
FOLLOW EFFLUENT COMPOSITIONS = 
3 
: No. of 
Fig. Slug Size Passes Through catiiell 
No. Core Type Per Cent P.V. Core Remarks e 
3 20’ Sand 13.4 9 (1) Profi CHEMICAL LOW VOLUM > 
ofiles for 1, E 
4 9' Torpedo 10.1 6 (2) 4 passes plotted N Pr 
Properties of Fluids Used in the Studies 4 3 < 
Slug Composition Volume Per Cent Density (gr/ce) Viscosity(cp) OUTPUT TO SMALL CORE PLUG jt 
V.M. and P. Naphtha 50.0 0.7467 at 78°F 0.57 at 78°F BROWN RECORDER 
lodobenzine 50.0 1.830 at 68°F 1.51 at 76°F 
Density=1.2850 gr/ce at 75°F; Viscosity=0.899 cp at 75°F 
Reservoir Fluid NOTE: T 
: RANSMI 
Composition _ ALL FLOW LINES ARE CAPILLARY DIFFERENTIAL 
V.M. and P. Naphtha 28.8 0.7467 at 78°F 0.57 at 78°F CRESSGRE (DROP: PRESSURE 
Carbon. Tetrachloride 63.0 1.5844 at 77°F 1.0 ct 76°F (TO BROWN RECORDER) 
Mineral Oil 8.2 0.8586 at 76°F at 76°F FLOW 


Density=1.2840 gr/cc at 75°F; Viscosity 0.895 cp at 75°F 
(1) Average Injection Rate—500 ft/day 
{2) Average Injection Rate— 81 ft/day 


CHEMICAL OSCILLOMETER 
RECORDS STREAM GOMPOSITION. 


Fic. Sueer ror Core Cyciine Tecunigur. 


TRANSMITTER 


PETROLEUM TRANCACTIANGC 


42 


120 


LENGTH OF ORIGINAL SLUG 
(2.68 FT. oR 13.4 % Pv.) 
Max CONG. ! LEGEND 
> 
---- ORIGINAL SLUG INJECTED 
H PASS (20 FT.) 
x—x pass (60 FT) 
\ 
= 60 Wb 6th PASS (120 FT.) 
MAX. CONC. 
Ww 8th Pass — 
o 40 
! 
iN MOBILITY RATIO 
= ! 
20 it | \ | | 
1 DIRECTION OF FLOW 
8 6 4 2 fe) 2 4 6 8 10 


SLUG LENGTH (FEET) 


Fic. 3—Composirion PRrories or A Stuc ar Vartous 
(20 rr Unconsottparen Sanp Core). 


the slug requirements for a typical 
sandstone (Torpedo) are about 50 
per cent greater than that for the 
somewhat idealized unconsolidated 
sand cores. 


It should be noted that although 
these data and correlations were ob- 
tained for linear reservoirs, recent 
work is interpreted as indicating that 
the slug sizes (in terms of per cent 
PV) calculated for linear systems 
are essentially the same as for radial 
systems having the same well-to-well 
spacing. The linear system results 
were transformed into a radial sys- 
tem by dividing the estimated sweep- 
out pattern area into a series of con- 
centric rings. Since the quantity of 
slug initially injected is a fixed value, 
the physical length of this slug de- 
creases from geometric considera- 
tions as the slug moves out from 
the injection well. These decreasing 
slug lengths were calculated as func- 
tion of distance from the injection 
well so that from this information 
maximum slug concentrations could 
be calculated (taking credit for the 
favorable effect of the large slug 
sizes near the wellbore) as a func- 
tion of distance. 

Since the cycling displacements 
were idealized as to mobility ratios 
and density differences, it was desir- 
able to confirm these effects in core 
displacements of simulated reservoir 
fluids involving small propane slugs 
and hydrocarbon gas under reservoir 
conditions of temperature and pres- 
sure. The next section covers details 
of some typical experiments. 


HIGH PRESSURE CORE 
DISPLACEMENT RESULTS 

The bulk of the laboratory dis- 
placement data on simulated reser- 
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voir fluids which pertain to the effect 
of variables such as reservoir path 
length, reservoir pressure, and reser- 
voir fluid composition on the slug 
process were obtained from uncon- 


solidated sand columns. Some sup-— 


porting data were obtained in Tor- 
pedo consolidated sandstone cores. 

The results of several displace- 
ments are shown in Fig. 5. Here the 
oil produced at gas breakthrough is 
plotted vs the initial slug size. Effects 
which are illustrated in this figure 
deal with: (1) length, (2) reservoir 
pressure, and (3) reservoir fluid com- 
position. The length effect was shown 
in displacements of Reservoir Fluid 
A by small propane slugs (followed 
in turn by lean gas) at 2,900 psig 
from unconsolidated sand cores. The 
slug requirements dropped from 4 
per cent of the pore space for the 
20-ft core to 1.5 per cent of the 
pore space for the 123-ft core (see 
Appendix I for a discussion on the 
criterion of slug effectiveness). This 


result is interpreted as confirming 
the relation that the slug require- 
ments (as per cent of the pore space) 
vary inversely with the square root 
of the core length. (For the above 
example, it can be seen that 
1.5 per cent 


(0.375) is approxi- 


mately equal to yor or (0.404). 


In the above displacements of 
Reservoir Fluid A, oil recovery at 
gas break-through increased from 
70 per cent to 83 per cent as the 
length of the core was increased 
from 20 ft to 123 ft, and the total 
recovery (at 30,000 abandonment 
gas-oil ratio) increased similarly from 
87.6 per cent to 95.3 per cent. These 
laboratory numbers must be revised 
upward to obtain the ultimate dis- 


- placement efficiency when typical 


reservoir lengths are considered. Such 
revision is called for because effects 
of fingering and channelling which 
lead to permanent by-passing and 
lowered recovery are disproportion- 
ately large in the laboratory cores. 
Fingering and channelling allow the 
displacing fluid to reach the end of 
the core prematurely, resulting in 
lower than expected virgin oil recov- 
ery, and the production of the mis- 


_cible slug before oil recovery is 


complete. This interpretation means 
that the ultimate displacement effici- 
ency in long path lengths approaches 
100 per cent in that portion of the 
reservoir contacted by the miscible 
slug, and that substantially all of 
the recovery will be as virgin oil. 


Table 4 summarizes some of the 
information contained in Fig. 5 
and will be referred to in future dis- 
cussion on the effects of reservoir 
pressure and reservoir fluid composi- 
tion on slug requirements. 


100 
2s CORE: 9 FT. TORPEDO OUTCROP 
4 PORE VOLUME: 1140cc. 
Q SLUG SIZE: 0.945 FT. OR 10.1 % PV. 
VISCOSITY RATIO! 1,0 
DENSITY RATIO: 1.0 
= cs AVG. FLOW RATE: 81 FT./ DAY 
< A 
a 
= 
z © 
Zz 40/% A 
i 
a 
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100 
> 
ro) 
= 80 HIGH PRESSURE GAS SWEEP 
x OF FLUID A UNDER MISCIBLE 
CONDITIONS. 
0° 100 % PROPANE SWEEP 

al 
< 2 SYMBOL RESERVOIR FLUID CORE INJECTION PRESSURE, PS! 
roe rN B 20 FT. SAND 1500 
x " 2900 
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Qu 
© 
v A 123 FT. SAND 2900 
= % HIGH RATES USED TO MINIMIZE GRAVITY EFFECTS. 
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Fic. 5—DisPLACEMENTS FROM UNCONSOLIDATED SAND Cores (SATURATED RESERVOIR 
Friuips). Injection Rate— 1000 rr/pay; DispLaceMENT — VERTICAL 
(Licur Puase InJectep At Top). 


Fig 6. The arbitrary representation 
of the multicomponent hydrocarbon 
system by a three component analog 
is not rigorous. This device, however, 
has proved to be of great practical 
value as a tool in mechanistic think- 
ing and conclusions drawn have 
been verified experimentally. 

The shape of the phase boundary 
curve is helpful in estimating the con- 
centration of propane required to 
maintain a miscible displacement in 
the propane rich region shown in 
Fig. 1. Using the results shown in 
Fig. 6, it can be seen that if the pro- 
pane concentration is maintained 
above 50 per cent (by volume) at 
1,000 psig, all mixtures of gas, pro- 
pane, and oil are in the single phase 
(miscibility) region. At 1,500 psig, the 
single phase region occurs for these 
mixtures when the propane concen- 
tration is maintained above 37 per 
cent. Other considerations which 
bear on the required slug size deal 


OTHER FACTORS STUDIED 


EFFECT OF RESERVOIR PRESSURE 


The effect of increasing the reser- 
voir pressure for a given system is 
to reduce the slug requirements for 
that system. This comes about from 
the improved phase relations at the 
higher pressure which reduce the 
minimum propane concentration re- 
quired to maintain miscibility. 

Fig. 5, and rows 1 and 3 of col- 
umn 4 in Table 4, illustrate this ef- 
fect. For example, the slug require- 
ment in displacing Reservoir Fluid 
A at 2,900 psi from a 20-ft sand 
core was 4 per cent of the pore voi- 
ume to give a miscible phase dis- 
placement. At 3,300 psi, the slug 
size needed was only 1.5 per cent of 
the pore volume. 


The beneficial effect of increased 
pressure on the phase boundary 
curve for Reservoir Fluid B with 
propane and tail gas is illustrated in 


TABLE 4—-PROPANE SLUG DISPLACEMENTS FROM 
UNCONSOLIDATED SAND COLUMNS 


Slug Size 

Core Required Reservoir 

Reservoir Length Per Cent P.V. Pressure 

Row Fluid Feet (Displacements) psi (a) 
il A 20 4.0 2900 
2 A 123 1.5 2900 
3 A 20 5 3300 
4 B 20 12.0 1500 
5 Cc 20 12.0 2900 
6 A 20 0 3500 


Direction of Displacement—Vertical (Light phase injected at top) 

Injection Rate—1000 ft/day 

(a) This is the pressure maintained at the displacement front. 

(b) These results were calculated from displacements from the 20 ft uncon- 
solidated sand core allowing for the effect on slug size of changing 
the core length from 20 ft to 9 ft. 


with the phase relations of the mix- 
tures of oil, propane, and gas ahead 
of and behind the propane rich re- 
gion shown in Fig. 1. Calculations 
show that these mixtures will be in 
the single phase region as long as 
the propane rich region is single 
phase. The mixtures containing a 
high injected gas composition are es- 
sentially at the dew point. The phase 
boundary curves serve as rough 
guides for estimating how far the 
propane concentration can drop in 
the propane rich region before a sec- 
ond phase is formed. (The process is 
assumed to be inoperative when im- 
miscibility occurs.) This information, 
together with the results of the cycl- 
ing runs which related the slug size 
to concentration in the propane rich 
region and reservoir length, can be 
used to estimate the minimum size 
slug needed in the reservoir. In prac- 
lice, the proper size slug to inject is 
determined from the results of long 
core runs scaled to the appropriate 
reservoir lengths. It is then necessary 
to increase this slug size to cover ad- 
verse effects of reservoir inhom- 
ogeneities and channelling. We have 
used a factor of two in scaling the 
laboratory data to field application. 
The phase work is used as a guide 
in determining the approximate slug 
size needed for the laboratory cores. 


EFFECT OF RESERVOIR 
FLUID COMPOSITION 


Reservoir fluid composition plays 
an important part in determining the 
size of slug required to maintain 
miscibility; the higher the LPG-nat- 
ural gasoline concentration in the 
fluid, the smaller will be the required 
slug. This is the result of two fac- 
tors: first, the phase boundary curve 


PHASE BOUNDARY 
CURVES 


TABLE 5—DISPLACEMENT OF SIMULATED RESERVOIR FLUID C 
FROM 10 FT TORPEDO SANDSTONE CORE PRODUCING 
INITIALLY AT A HIGH WATER CUT 


Pressure—2900 psi 
Temperature—214°F 


Displacement—Horizontal Oil Recovery 


(% OIP at Start of 


Unitral Saturation Flow Rate Slug Size Iniection) 


Ft/Day % PV. Oil Bank GOR of 20 000 SCF/STB 


oil Water 
S2e2 47.8 75 12.0 42.8 66.4 
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of the system reservoir fluid-propane- 
tail gas is made more favorable by 
the presence of large amounts of 
LPG-natural gasoline constitutents; 
and second, the presence of these 
components initially in the reservoir 
fluid cuts down on the effective dilu- 
tion of the propane slug as it mixes 
with the reservoir fluid. 

The effect of the reservoir fluid 
composition on slug requirements 
was demonstrated in long core dis- 
placements. Typical illustrations are 
shown in Table 4 and Fig. 5. For ex- 
ample, at 2,900 psig the slug re- 
quirements dropped from 12 per cent 
for Reservoir Fluid C (which has a 
small amount of LPG-natural gas- 
oline constituents—Table 1) to 4 per 
cent for Reservoir Fluid A (which 
has a high concentration of these 
constituents—Table 1). (Part of this 
effect may be due to fingering, ag- 
gravated by the poorer mobility ra- 
tios obtaining in displacements of 
Reservoir Fluid C. However, the ma- 
jor effect is believed to be the result 
of the phase relations.) 


EFFECT OF Porous MEDIUM TYPE 


Some supporting evidence of the 
small effect of porous medium type 
on-slug requirements (observed pre- 
viously in the cycling runs) was pro- 
vided by displacements of Reservoir 
Fluid B from a Torpedo core. The 
data obtained from these experi- 
ments are summarized in Fig. 7 as 
a plot of oil recovery at break- 
through vs slug size. A 20 per 
cent slug was fully effective in this 
short laboratory core. This value is 
to be compared with the 18 per cent 
slug size determined for Reservoir 
Fluid B in a 9 ft sand column. (See 
row 7 of Table 4 for details.) These 
slug sizes would be more in line with 
' the 50 per cent difference predicted 
from the cycling runs for Torpedo 
and unconsolidated sand when allow- 
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ferent injection rates. This result is 


additional evidence that the effect of _ 


porous medium type on slug require- 
ments is relatively small. (This is true 
at least for homogeneous porosity 
types. Application of the process to 
heterogeneous types such as lime- 


stone containing numerous vugs,— 


solution channels, and fractures may 
require much larger slug sizes to 
cover adverse effects of these fac- 
tors.) 


EFFECT OF INJECTION RATE 
Experimental data have been ob- 
tained which indicate that no sig- 
nificant effect of rate exists in liquid- 
liquid miscible phase displacements 
at a mobility ratio equal to unity. 
Fig. 8 shows two typical concentra- 
tion profiles obtained by using X-ray 
techniques in a linear synthetic con- 
solidated sand plate. These illustrate 
the absence of rate effect in liquid- 
liquid systems. Note here the ex- 
cellent agreement in concentration 
profiles even though the flow rate 
was varied from 60 ft/day to 1/ft 


ance is made for the effect of dif- day. 
x= 100 
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These results are in substantial 
agreement with the concept of pri- 
marily a mixing mechanism discussed 
previously. 

Where unfavorable mobility ratios 
are encountered and where one of 
the fluids has a high molecular dif- 
fusivity (such as in the displacement 
of propane by gas in the slug proc- 
ess), there is a degree of rate sen- 
sitivity to the process, with lower 
rates being more effective and there- 
fore making possible the use of 
smaller slugs. Diffusional effects and 
rate sensitivity enter here in the 
establishment of equilibrium between 
by-passed material and the displac- 
ing gas phase. A few laboratory ex- 
periments involving propane slugs 
were carried out at flow rates ap- 
proaching reservoir rates which con- 
firmed this effect. For example, by 
reducing the injection rate from 170 
ft/day to 3 ft/day in Torpedo core 
displacements (using a fixed slug 
size), the recovery of oil E at gas 
breakthrough was increased from 45 
per cent to 69 per cent. 


LABORATORY STUDIES OF 
APPLICATION TO DEPLETED 
RESERVOIRS 


SOLUTION Gas DRIVEN RESERVOIRS 

Experimental evidence has been 
obtained in the laboratory which 
serves to indicate that the miscible 
slug process is applicable to res- 
ervoirs depleted by solution gas drive. 
In such reservoirs enough pressure 
gradient must be developed in the 
oil bank (by injecting at a high rate) 
to dissolve the free gas. This pre- 
vents a free gas phase from being 
by-passed into the main body of the 
slug which, if it occurred, might 
seriously dilute the slug and cause 
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early loss of miscibility. Reservoirs 
Which cannot be handled in this man- 
ner could be repressured with water 
prior to application of the process, 
although the presence of water 
would block some of the oil from 
being ‘displaced. 

Fig. 9 shows a plot of oil bank re- 
covery vs slug size for displace- 
ments at 1,300 psi involving Fluid A. 
An initial gas saturation of 11.5 per 
cent was established by solution gas 
drive from the bubble point of 1,710 
psi to 1,300 psi. The favorable 
length effect was qualitatively con- 
firmed here since the slug require- 
ments dropped from around 10 to 12 
per cent in the 20-ft core to about 
5 per cent in the 123-ft core. 


WATER DRIVEN RESERVOIRS 


Reservoirs which have been 
Watered out can be treated in the 
same manner as virgin reservoirs. 
The miscible slug process is less at- 
tractive here than in virgin or solu- 
tion gas driven reservoirs because: 
(1) large volumes of water have to 
be handled, (2) there is less oil in 
place to recover, and (3) the pres- 
ence of water works in the direction 
of blocking some of the oil in place 
from being contacted by the miscible 
phase displacement. 

A limited number of runs have 
been made on such systems. Dis- 
placement of Reservoir Fluid E from 
a 10-ft Torpedo core containing an 
initial water saturation of 64.5 per 
cent showed that a slug equivalent 
to 8 per cent of the pore volume 
was fully effective. (This size would 
be scaled to 0.8 per cent in a 1,000- 
ft reservoir, making the process at- 
tractive.) These data serve as a qual- 
itative indication that the process is 
feasible in so-called watered out 
systems. 


Another system was run which 
had a fairly high initial water satura- 
tion. This system represented a typ- 
ical reservoir producing at a high 
water cut. In this run, Reservoir 
Fluid C was displaced from a 10-ft 
Torpedo core at 214°F. Here again 
a small (12 per cent) slug displaced 
over 40 per cent of the oil in place 
(at the start of the injection) as an 
oil bank and the ultimate recovery 
was 66 per cent. Table 5 summarizes 
these results. 


MISCELLANEOUS FACTORS 


EFFECT OF TEMPERATURE 
ON SLUG REQUIREMENTS 

The effect of temperature on each 
specific reservoir fluid was not 
studied as a separate variable since 
the temperature is fixed for the par- 
ticular fluid in question. Tem- 
perature, however, influences the 
shape and size of the phase boundary 
curve for a given system at a fixed 
pressure and as such establishes the 
propane composition necessary to 
maintain a miscible band between the 
displaced and displacing phase. At 
temperatures below the critical tem- 
perature of propane where the bubble 
point pressure of the crude is lower 
than the minimum pressure required 
for miscibility between the propane 
and injected gas, the latter pres- 
sure controls the operation. (These 
pressures are high enough to liquify 
the propane and oil with the result 
that propane and oil are miscible in 
all proportions.) At temperatures 
above the critical for propane and/or 
with crudes whose bubble points are 
higher than the minimum gas-pro- 
pane miscibility pressure, miscibility 
considerations between the propane 
and oil control. 
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Reservoir Fluid —Fluid D 

Injection Rate —500 ft/day 

Displacement —Vertical (light phase injected at top) 
Injection Pressure —1300 psi 

Initial Gas Saturation—11.5 per cent of the pore volume 


EFFECT OF GRAVITATIONAL 
FORCES ON SLUG REQUIREMENTS 


A consideration of the density dif- 
ferences of the fluids involved in the 
slug process shows that a progres- 
sive segregation occurs between the 
propane and oil and between the gas 
and propane fronts as the slug pro- 
gresses through a core or reservoir. 
This phenomenon has been studied 
experimentally in rotated and non- 
rotated horizontal cores and in X-ray 
models. Experimental laboratory 
data obtained suggest that grading 
from oil to propane and propane to 
gas is beneficial in retarding the seg- 
regation of the phases due to grav- 
itational forces. In terms of an actual 
reservoir, however, it sems unlikely 
that “artificial” grading of the slug 
would be necessary or helpful be- 
cause of the relatively large graded 
or mixed zone which is produced 
naturally in the reservoir as a result 
of mixing from flow. 


Laboratory experimental effort is 
being continued on the effect of gravi- 
tational forces on the slug process, 
particularly with respect to applica- 
tion in thick, high permeability res- 
ervoirs where the effect is severe. 


SPECIAL TECHNIQUES TO 
IMPROVE AREAL SWEEP 

The unfavorable mobility ratios in- 
herent in the hydrocarbon gas-pro- 
pane reservoir fluid system may re- 
sult in a rather poor areal sweepout 
efficiency in many reservoirs. This 
result will work in the direction of 
offsetting the improved unit displace- 
ment efficiency so that an ordinary 
water flood may become econom- 
ically competitive. However, it has 
been found that major improvements 
in areal sweepout efficiency can be 
achieved by reducing the mobility of 
the gas phase through the simulta- 
neous injection of water and gas fol- 
lowing the propane. The injection 
ratio of gas to water is chosen such 
that a small slug of gas (about 5 
per cent of the total pore space) is 
maintained between the propane slug 
and the water. (If the ratio is im- 
properly chosen and water precedes 
the gas and contacts slug material, 
some of the by-passed propane will 
be picked up later by the gas and 
some will be lost as a result of water 
blockage.) Such modification of the 
miscible slug process should result 
in ultimately sweeping of larger por- 
tion of the reservoir by miscible 
phase displacement than would be 
possible with the basic process. In 
laboratory experiments using X-ray 
techniques in small five-spot models, 
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sweepout behavior was very signif- 
icantly improved by keeping the size 
of the gas slug to a minimum. 


CONCLUSIONS 


1. Laboratory experiments in- 
dicate that the high recoveries asso- 
ciated with miscible phase displace- 
ments can be achieved by injecting a 
small band or slug (2 to 3 per cent 
of the pore space) of propane prior 
to gas injection. 

2. The miscible slug process 
achieves a miscible phase displace- 
ment at relatively low pressures 
(around 1,200 psi compared to above 
3,000 psi for a miscible type high 
pressure gas injection operation). 
Thus, the scope of miscible phase 
gas injection operations has been 
significantly broadened. 


APPENDIX 


CRITERION OF SLUG 
EFFECTIVENESS 


Maintaining miscibility between 
the injected gas and propane slug 
and between the propane slug and 
the displaced oil requires that the 
propane concentration be at least 
a certain minimum value. When the 
propane concentration drops below 
this value immiscibility occurs, and 
the slug is no longer effective. 

In laboratory displacements, it 
would be desirable to measure the 
maximum concentration of the pro- 
pane slug as it emerges from the core 
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ana use this value as a criterion for 
the effectiveness of the slug. How- 
ever, the measurement of the max- 
imum concentration of a small slug 
which is displacing a reservoir fluid 
from a core is complicated by finger- 
ing and by-passing resulting from the 
poor mobility ratios encountered in 
most cases. For example, a typical 
reservoir fluid viscosity might be 1.0 
cp while the displacing gas phase 
viscosity would be in the order of 
0.02 cp under reservoir conditions 
of temperature and pressure. This 
is an unfavorable mobility ratio 
situation. 


Examination by X-ray shadow- 
graph of miscible phase displace- 
ments in small cores involving poor 
mobility ratios has shown that severe 
fingering (and resulting by-passing of 
in-place oil) occurs here. As a result 


of this fingering and by-passing, the — 


propane slug does not contact 
uniformly all the oil contained in 
the cross section of the core. Hence, 
measurements made of propane con- 


centration which include the fluids _ 


in the over-all cross section are not 
a measure of the effective slug 
concentration. 

Since determining the effectiveness 
of a given sized small slug in a fixed 
path length is a key point, a cri- 
terion was devised to measure it. 
This criterion involves the compar- 
ison of displacement performance at 
breakthrough of the small slug with 
that of either: (1) a high pressure gas 
sweep of the reservoir fluid con- 
ducted under conditions in which a 


miscible phase displacement 1s de- 
veloped, or (2) a complete propane 
sweep. 

It is believed that comparison of 
the slug performance with high pres- 
Sure gas sweeps conducted under 
miscible conditions would be the 
more realistic situation since mobil- 
ity ratios would be more nearly dup- 
licated here. However, in many gas 
injection cases, extremely high pres- 
sures are required to reach miscible 
conditions, and the comparison with 
a pure propane sweep is the only 
practical choice. 
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ABSTRACT 


One-third to one-half of the original oil is left in 
most reservoirs even after thorough gas driving or 
waterflooding. In contrast, essentially all of the oil con- 
tacted can be recovered by flooding with a solvent (a 
fluid miscible with the reservoir oil). It is not economical 
to fill a reservoir with solvent since the value of the 
solvent would very likely exceed that of the oil. A 
practical method would be to inject a small bank of 
solvent to displace the oil. This solvent bank in turn 
could be driven through the rock by a less valuable 
scavenging fluid, such as natural gas which is also 
miscible with the solvent. Such a method of oil recovery 
was studied in the laboratory using long (up to 95 ft) 
core systems. 

It was found that, as the solvent moves through the 
reservoir, the front end of the solvent bank becomes 
mixed with the oil and forms a relatively short mixing 
zone between undiluted crude oil and pure solvent. An 
engineering correlation was obtained which can be 
used to predict the length of this zone. 

Displacement of the solvent by natural gas can be 
achieved with complete miscibility (above the critical 
pressure of the gas-solvent system at reservoir tempera- 
ture) or with partial miscibility at lower pressures. Under 
conditions of complete miscibility, it was found that 
the length of the gas-solvent mixing zone could be pre- 
dicted from the correlation developed for the solvent- 
oil mixing zone. With partial miscibility, two phases ex- 
ist and the solvent is displaced by a modified gas drive 
in which vaporization and condensation occur. Equa- 
tions are developed to predict the performance of this 
type of displacement. 

Two plans are suggested for application of miscible 
fluid displacement, one for miscible displacement of the 
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solvent and the other applying to lower pressures where 
partial miscibility occurs during solvent displacement. 
Calculations based on the laboratory tests indicated 
that a bank of solvent with a volume of less than 10 
per cent of the hydrocarbon volume under consideration 
will generally be adequate to obtain high oil recovery 
from the portion of the reservoir contacted in miscible 
fluid displacement. 


IN TROD CLOWN 


The conventional methods by which oil is displaced 
from reservoir rock—solution gas drive, conventional 
gas drive, and waterflooding—are all processes in which 
the oil is expelled from the rock by direct displacement 
with a fluid immiscible with the oil. Because of the im- 
miscible type displacement, complete recovery of the 
reservoir oil is not achieved. In economically success- 
ful flooding operations, as much as 50 per cent of the 
original oil may be abandoned in the reservoir as un- 
recoverable. 

The use of a solvent (miscible with oil, such as 
LPG) as an injection fluid does not have the undesirable 
displacement features common to the use of gas or 
water (immiscible with oil). It can be readily appre- 
ciated, however, that it would not be economically fea- 
sible to displace the oil and entirely replace it with a 
solvent. A process was therefore devised for use in 
field operations in which only a small volume of solvent 
would be required to obtain essentially complete oil 
recovery in the portion of the reservoir contacted. In 
this process, the solvent acts as a buffer between the 
reservoir oil and injected gas, allowing the natural gas 
to displace indirectly the oil with much greater effi- 
ciency than if the gas displaced the oil directly. 


DESCRIPTION OF OIL RECOVERY PROCESS 


The solvent oil recovery process will be described in 
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terms of a linear displacement operation which would 
represent an end-to-end flood in field operations. This 
type operation is capable of providing maximum areal 
Sweep efficiency and, therefore, maximum oil Tecov- 


ery. Sometime during the displacement, the distribution a 
of the fluids in the reservoir would be as depicted “in 


Fig. 1. If Well A is the injection well, and Well B is 
the production well, then between these two, five dis- 
tinct zones will be present. From the producing well 
into the reservoir will exist a zone of original oil. This 
is followed by a zone containing mixtures of oil and 
LPG. In this LPG-oil mixing zone, the concentrations 
of LPG will increase in the direction of the injection 
well ultimately grading to pure LPG. The zone of 100 
per cent LPG will be followed by another zone consist- 
ing of a mixture of LPG and gas which progressively 
_ changes in the direction of the injection well to a point 
where the hydrocarbon pore space is completely filled 
with natural gas. 

At certain desirable operating pressures, complete 
miscibility cannot be maintained in displacing the LPG 
by natural gas. If the operating pressure is below the 
critical pressure for the natural gas-LPG system at the 
operating temperature, (for example, 1,350 psia at 
100°F for the case of methane displacing propane), two 
phases will exist and displacement will be only partially 
miscible. 

For purposes of engineering design of a solvent dis- 
placement operation similar to that proposed in Fig. 1, 
the basic problem is to determine the amount of LPG 
that must be injected initially to maintain a small zone 
of 100 per cent LPG between the LPG-oil and the 


natural gas-LPG zones as these zones progress through 


the reservoir. Laboratory studies were made to develop 
methods for predicting the amount of LPG contained 
in these zones. 


One phase of the laboratory work was to study the 
general nature of mixing zones that develop during the 
displacement of a fluid by another fluid under conditions 
of complete miscibility. This type of constant miscibility 
displacement applies to the LPG-oil mixing zone at all 
times and to the natural gas-LPG mixing zone when op- 
erating pressure is above the critical pressure. The fol- 
lowing factors were considered as variables, and the 
laboratory studies were conducted so that the effect of 
each factor on the mixing zone length could be evalu- 
ated: (1) displacement rate, (2) absolute viscosity or 
viscosity difference, (3) viscosity ratio, and (4) type of 
porous media. 

It is pointed out that factors which may influence 
areal and vertical sweep efficiencies in field operations 
were not included in this laboratory study. 

In order that miscible fluid displacement would not 
be restricted to operating pressures above the critical 
pressure of the natural gas-LPG system (at the reservoir 
temperature), additional laboratory work was done to 
study LPG displacement by natural gas under conditions 
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of partial miscibility. Under such conditions, displace- 
ment of the LPG is accomplished by a modified type 
of gas drive in which vaporization and condensation ef- 
fects must be taken into account. 


EXPERIMENTAL APPARATUS AND PROCEDURE 


In the miscible fluid displacement process shown in 
Fig. 1, a bank of pure LPG exists between the gas-LPG 
zone and the LPG-oil zone. Since these two zones are 
separated there was no necessity of studying the com- 
plete displacement process at one time. As a result, sep- 
arate studies were made on LPG-oil and on natural 
gas-LPG displacement. 


DISPLACEMENT STUDIES IN WHICH COMPLETE 
MISCIBILITY Is MAINTAINED AT ALL TIMES 


CORE SYSTEMS USED 


The three types of core systems given below were 
used in these miscible displacement studies: 


Type of Core Permeability Porosity, % 
Unconsolidated Sand 3 darcies 33 
Torpedo Sandstone 0.4 darcies 
Bandera Sandstone 0.008 darcies nS 


The individual cores were all encased in Lucite and 
were heated under pressure to make the Lucite conform 
to the contours of the sandstones, thereby confining the 
flow of fluids to the pore space of the rock. Because of 
the limited length of a natural sandstone core that could 
be obtained with coring equipment, it was impossible 
to obtain natural sandstone cores any longer than 10 
ft. Unconsolidated sand cores varied in length from 4 
to 16 ft. To simulate displacement in a long core, the 
individual cores were connected in series with small 
vubing connecting the cores to form core systems up to 
95 ft in length. 


FLUIDS USED 

Several miscible displacement tests were made with 
brine and brine-glycerine mixtures. The brine was a 
0.25 normal sodium chloride solution (0.73 cp at 
35°C). Variations in viscosity and electrical conductivity 
were obtained by mixing brine and various amounts of 
glycerine. Other tests were made using hydrocarbon 
fluids. The driving fluids used were either methane, Skel- 
ly-solve “A” (a C, cut), propane, butane, or Soltrol 
“C” (a Co—C, cut). Driven fluids consisted of propane, 
Soltrol “C”, and Stanolind “Heavy White Mineral Oil”. 


DETERMINATION OF CONCENTRATION PROFILES 
IN THE MIXING ZONE 

In the brine-glycerine tests, concentrations were de- 
termined by electrical conductivity measurements. The 
cores used for the brine-glycerine tests were equipped 
with conductivity taps placed along the cores at 5 cm 
intervals. Resistances were measured across adjacent 
electrodes and concentration of the driving phase was 
determined from a correlation of resistance vs concen- 
tration which had been experimentally determined. 

In the displacement tests in which hydrocarbons were 
used, concentrations were determined by means of re- 
fractive index, thermal conductivity, or density meas- 
urements on withdrawn samples. Selection of the method 
to be used was based primarily on the volatility of the 
fluid that was being sampled. Samples were taken from 
the mixing zone by: (1) sampling at timed intervals 
from the end of the outlet core or between cores while 
the mixing zone flowed by the sample point, or (2) 


49 


withdrawing samples simultaneously from various sam- 
pling points in the side of the core. 


AUXILIARY EQUIPMENT AND PROCEDURE 

Prior to each test, the cores to be used were placed 
in a constant temperature cabinet (95°F) and loaded 
with the fluid to be displaced. After the cores were 100 
per cent saturated, a sufficient length of time was al- 
lowed for the cores to come to the test temperature. In 
starting the tests, a very fast rate (80 ft/day) was used 
to displace the first 8 in. of core in order to minimize 
entrance effects. The volumes of injected and produced 
fluids were checked frequently in order to learn if there 
were any leaks in the system. The movement of the 
mixing zone was checked as it progressed through the 
core system by the methods which were discussed above. 


DISPLACEMENT OF LPG By NATURAL GAS UNDER 
CONDITIONS OF PARTIAL MISCIBILITY 


CORE SYSTEMS USED 

Unconsolidated sand-packed cores and Torpedo sand- 
stone cores were used in these gas drive experiments. 
Physical properties of the cores were given in the pre- 
vious section. In the low pressure displacement studies, 
the cores used were 4 ft in length. An unconsolidated 
sand-packed core 8 ft long was used in all of the higher 
pressure gas drives which approached the critical pres- 
sure. 


FLUIDS USED 

Displacement tests on the modified gas drive were 
made using methane, propane, butane, and pentane. The 
following fluid pairs were used: (1) methane displacing 
propane, (2) methane displacing butane, (3) propane 
displacing butane, and (4) butane displacing pentane. 
Operating pressure and temperature in each test were 
such that one of the hydrocarbons was a gas and the 
other was a liquid. 


PROCEDURE 

The following procedure is a description of the low 
pressure studies. The method used at higher pressures 
was similar. 

The cores to be flooded were saturated with the 
particular light hydrocarbon liquid by evacuating the 
core, flowing several pore volumes of gaseous hydro- 
carbon in at a pressure considerably above its vapor 
pressure. The producing rate during the test was main- 
tained constant by withdrawing the liquefied hydrocar- 
bon with a constant rate displacement pump. Gas was 
injected at a constant pressure and measurements were 
made on the volume of dry gas injected at the operat- 
ing pressure and temperature. During each test, data 
were taken on liquid production, length of gas penetra- 
tion, and the rate of advance of the visible zone. 


VOLUME. PERCENT DRIVEN LIQUID 
n bh 


Fic. 2—Miscipte Fiuip Mrxine Prorizes. 
0.73 cps brine displacing 3.08 cps brine-glycerine mixture Torpedo 
sandstone, rate — 2.2 ft/day, viscosity ratio = 0.24 (Run G of 
Table 1) 


50 


RESULTS 


Table 1 gives a description of all the displacement 
tests made on liquid-liquid and gas-liquid systems in 
which complete miscibility was maintained at all times. 
Data on selected tests are presented in Figs. 2, 3, and 
4. A method of correlating mixing zone lengths for the 
individual test in Table 1 is given in Fig. 5. 

The results of laboratory tests studying the perform- 
ance of gas displacement of liquefied hydrocarbon 
liquids are given in Table 2. Included in this table are 
operating conditions, experimental and calculated values 
of residual liquid saturations, rate of advance of the 
drying zone, and liquid recovery at gas breakthrough. 
Figs. 7 and 8 are representative of laboratory data ob- 
tained on a typical soluble gas drive test in which 
propane gas was used to displace liquid butane. 


DISCUSSION 


DISPLACEMENT STUDIES IN WHICH COMPLETE 
MISCIBILITY Is MAINTAINED AT ALL TIMES 


CHARACTERISTICS OF MISCIBLE FLUID-MIXING ZONES 


To illustrate how miscible fluid-mixing zones develop 
and grow, Fig. 2 shows how the mixing zone developed 
when 0.73 cp viscosity brine (0.25 normal) was used to 
displace a 3.08 cp brine-glycerine mixture. A complete 
description of this displacement test is given in Table 1 
as Test G. The mixing zone extends from zero per cent 
driven liquid at the back end to 100 per cent driven 
liquid at the front end. Because of difficulties encoun- 
tered in measuring concentrations at either end of the 
mixing zone, it will be defined hereafter as the distance 
between the position of 5 per cent and 95 per cent 
driven liquid. 

Miscible fluid displacement studies conducted in long 
core systems indicate that the mixing zone grows rap- 
idly during an early initiating period, but that, as it 
continues to move through the core system, the rate of 
growth continually decreases. After sufficient distance 
is traversed, the mixing zone length appears to sta- 
bilize within experimental accuracy. While it is possible 
that small increases in mixing zone growth were masked 
by the experimental procedure used, rates of growth of 
this magnitude are considered to be negligible for prac- 
tical engineering purposes. An example of the develop- 
ment of a mixing zone is given in Fig. 3. The length of 
the mixing zone was determined from Fig. 2 at various 
times and plotted in Fig. 3 as a function of the distance 
traveled by the back end of the zone. By the time all of 
the original liquid had been displaced at the inlet end of 
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TABLE 1 — SUMMARY OF MISCIBLE FLUID DISPLACEMENT TESTS* 
Length of Di t 
; isplacing isplaced st ivi i 
jay iqui Liquid (Centipoise) (Centipoise) (Displaced) (ft) Used (inches) (Darcies) (Per Cent) Driving ft) enctha. 
5 -25N Brine .255N Brine 0.73 8.2 solidated 3 33 .39 Electrical conductivity 
sand 
5 -25N Brine 
-25N Brine and 1.14 
Shee 64 0.70 8.2 TES: 3 33 2.4 Electrical conductivity 
Soltrol **C"’ 
2.3 Butane and 16 2.56 .0625 32 a 1.5 3 33 14.3 Density measurements of 
mineral oil i the end of the last core 
** 5 Methane Propane 015 10 ts 16 be 1.5 3 33 2.8 Thermal conductivity tests 
i at end of core 
Skellysolve Soltrol “'C"’ Refractive index re- 
2.0 kelly ° Torpedo megs ure 
A’ (Cs) 23 1.26 182 62 0.4 25 8.5 points on 
individual cores 
Soltrol ive j 
Soltrol Refractive index measure- 
1.26 3.8 2 0.4 25 10:3 ments at sample points on 
the individual cores 
rine i ivi 
: Electrical conductivity and 
2.2 -25N Brine ; and 0.73 3.08 .236 92.5 2 0.4 25 9.3 refractive index at sample 
glycerine points along the cores 
Skellysolve Soltrol Refractive index measure- 
16 (Cs) (Gee) 23 1.26 .182 106 Bandera 2 0.08 15 6.4 ments at the end of each 
sandstone core 


*AIl tests made horizontally. 
uy Expressed as velocity of mixing zone assuming 100 per cent displacement. 
Run started at slowest rate. After mixing zone was ““stabilized,"’ 
****Operating pressure — 1500 psig; temperature = 80°F. 


rate wasincreased to intermediate speed for a period of time, and then to fastest rate. 


the core system, a mixing zone of 3 ft had been de- 
veloped. The mixing zone grew from this time until the 
back end had moved approximately 40 ft. From 40 ft 
on until the termination of the test (after 92.5 ft of core 
had been penetrated), the length of the mixing zone 
appeared to be stable at about 9.3 ft. Fig. 4 shows mix- 
ing Zone length as a function of distance traversed by 
the back end of the mixing zone for Test H of Table 1 
in which pentane (0.23 cp viscosity) was used to dis- 
place Soltrol “C” (a hydrocarbon liquid having a vis- 
cosity of 1.26 cp). This apparent stabilization of the 
mixing zone was also noted by von Rosenberg’ in his 
work on steady-state, single-phase fluid displacement in 
porous media. 

The important factor which Figs. 3 and 4 illustrate 
is that any core system in which miscible displacement 
studies are made must be of sufficient length to observe 
the development of a mixing zone and its growth as it 
passes through the system. Unless a sufficiently long 
core system is chosen, much confusion could be intro- 
duced into interpretation of experimental data. 

The apparent stabilization of the miscible mixing 
zones is in disagreement with a theoretical analysis’ of 
this type problem. In analyzing the displacement of 
miscible fluids in terms of a combination of convection 
and diffusion, relationships are obtained which indicate 


that the mixing zone length should continually grow, 


1References given at end of paper. 
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pentane (0.23 cps) displacing C1o-Ci2 (1.26 cps), Bandera sandstone, 
rate = 4, 8, and 16 ft/day, viscosity ratio = .182 (Run H of 
Table 1) 
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that it should grow as some function of the square root 
of the distance traversed, and the amount of growth 
should vary with velocity. A possible explanation of 
the apparent stabilization of experimental mixing zones 
could be that, although diffusion is an important fac- 
tor within a single pore, diffusional effects appear to be 
negligible between pores. Because of the extremely short 
diffusion paths present in individual pores, the rate of 
diffusion could be fast enough to attain essentially in- 
stantaneous equilibrium. This assumption will be dis- 
cussed in the next section dealing with the influence of 
rate on the length of the mixing zone. 


Based on experimental observations, a fluid can be 
completely displaced from the pores of a rock by a 
miscible fluid. In this type of displacement, a mixing 
zone develops between the two fluids and reaches a 
stabilized length. 


EFFECT OF DISPLACEMENT RATE ON MISCIBLE 
FLUID-MIXING ZONES 


In Tests F and H, changes in rate were made after 
a stable mixing zone had been established in the core 
at some initial injection rate. In Test H, the initial rate 
was 4 ft/day. After the mixing zone had stabilized at 
this, the rate was increased to 8 ft/day and allowed to 
move through the core system until another stabilized 
length could be determined. The final rate used was 
16 ft/day. Fig. 4 shows that the mixing zone reached a 
length of 6.4 ft with the initial injection rate, and the 
subsequent increases in rate did not cause any measur- 
able increase in mixing zone length. Similar results 
were obtained in Test F where a fourfold increase in 
rate caused no apparent change in the length of mixing 
zone developed at the initiating rate. It appears from 
these data that the main factors controlling the mix- 
ing zone lengths were not diffusional in nature since 
there was no rate sensitivity observed. This lack of 
growth with increased rate does not, however, rule out 
the fact that diffusional effects are an important factor 
in achieving 100 per cent displacement of the driven 
liquid. The data support the argument that diffusion is 
primarily important in individual pores and that dif- 
fusion rates, together with short diffusion paths within 
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FABLE 2 — LOW PRESSURE GAS DISPLACEMENT* 


Residual Liquid Saturation 
in the Two-Phase Zone 
at Gas Breakthrough 


Rate of Adyance of 
Zone of Condensation 


Displacement 


d Calculated Observed Calculated 
Type of Pressure Temp Rate Observe 
System Porous Media (psig) (°F) (ft/day) (per cent) (per cent) (cm/hour) (cm/hour) 
Propane gas displacing Unconsolidated sand 100 80 12 29.8 35 4.0 3.40 
butanesliquid 
40 80 24 36.0 37.0 10.4 
ye 75 95 36 37.4 36.5 25,5 26.2 
Methane gas displacing ” 100 95 36 51.0 50.0 2.0** 2.2** 
butane liquid 
11.5 95 36 33.7 31.5 16.5 15.3 
pentane liquid 
Propane 9cs aremacing Torpedo sandstone 100 95 4 50.3 49.5 2.20 2.30 
butane liquid 
Methane gas displacing 100 95 6 56.5 59.3 Beh es 07 
butane liquid 
11.5 95 4 46 46 1.8 1.5 


pentane liquid 


*All tests made horizontally. 
**Based on data obtained after gas breakthrough. 


HIGH PRESSURE GAS DISPLACEMENT* 


No direct measurements possible on drying zone, so camparison made on 
recovery of original fluid at gas breakthrough. 


Type of Pressure 
System Porous Media (psig) 
Methane gas displacing Unconsolidated. sand 400 
propane liquid 
1000 
3 1300 
Methane gas displacing a3 1000 
butane liquid 
1750 


*AIl tests made horizontally. 


Displacement Recovery of Original Liquid 


(ft/dey) Observed Calculated 
85 30 62.5 64.5 
85 6 79.0 82.0 
85 6 92.0 93.0 
85 6 67.0 70.0 
85 6 85.0 87.0 


an individual pore, can combine to give an appearance 
of essentially complete convective mixing. 

While the data indicate that mixing zone length is 
independent of displacement rate, it must be realized 
that this observation cannot be made without qualifi- 
cation. It is possible that at much higher rates, attain- 
ment of diffusional equilibrium in individual pores might 
not be achieved and mixing zone lengths under these 
conditions would be governed to some degree by dis- 
placement rate. This is probably not important from 
a practical standpoint since rates investigated in Tests 
F and H exceeded rates that might normally be en- 
countered in field operations. 


The effect of rate variation discussed above is pri- 
marily applicable after the stable mixing zone is formed. 
There is still the possibility that displacement rate is a 
factor in the initial development of the mixing zone. 
The majority of data presented in Table 1 were ob- 
tained with displacement rates of approximately 2 ft/day, 
so no definite statement can be made concerning rate 
effect during the initial development period; however, 
the experimental results show that displacement rate 
does not affect the length of the mixing zone after the 
mixing zone has reached a stabilized length at the 
initial rate. 


EFFECT OF VISCOSITY DIFFERENCE AND VISCOSITY 
RATIO ON MIXING ZONE LENGTH 


It was assumed initially that viscosity ratio would 
be one of the important variables influencing the length 
of mixing zones. Viscosity ratio is defined as the ratio 
of the viscosities of the driving to driven fluids. This 
relationship is a measure of the tendency of the larger 
pores to be displaced in preference to the smaller ones. 
Early in the development of the mixing zone when large 
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viscosity differences occur over short lengths, it is pos- 
sible that rapid movement of the leading edge of the 
mixing zone could occur due to this preferential dis- 


- placement. Interflow between pores will tend to min- 


imize the effect of displacement in the large pores so 
that, as the mixing zone develops and grows in length, 
the effective viscosity ratio causing displacement con- 
tinually results in more uniform displacement. It was 
reasoned that the lower the viscosity ratio, in the region 
below unity, the greater would be any tendency for 
preferential displacement and hence development of 
long mixing zones. As viscosity ratios increase and ap- 
proach unity, this tendency would be less serious and 
shorter mixing zones could be obtained. 

Tests F, G and E were made with viscosity ratios of 
0.332, 0.236 and 0.182, respectively. Instead of find- 
ing longer mixing zones as the viscosity ratio decreases, 
it can be observed that the reverse is true since mixing 
zone lengths were 10.5, 9.3 and 8.5 ft. In addition, the 
viscosity ratio of Test D was 0.15 and a 2.8-ft mixing 
zone length was obtained. This is approximately the 
same length as obtained in Test B where the viscosity 
ratio was 0.70. Obviously, mixing zone lengths cannot 
be correlated on the basis of viscosity ratio alone. 

Analysis of the experimental data in Table 1 indicates 
that another factor that should be considered as a varia- 
ble effecting mixing zone length is the viscosity level at 
which displacement occurs. In other words, although 
0.5 cp displacing 1.0 cp, and 5.0 cp displacing 10.0 cp 
give the same viscosity ratio, variation in absolute vis- 
cosity throughout the mixing zone in the latter case will 
be much greater than with the lower viscosity fluid pair. 
Therefore, an attempt was made to consider absolute 
viscosity difference (as a measure of viscosity level) as a 
variable. There was no systematic variation of mixing 
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zone length with viscosity difference but a combination 
of viscosity difference and viscosity ratio resulted in a 
correlation group that consistently increases as mixing 
zone length increases. This is shown in Fig. 5 where the 
viscosity difference divided by viscosity ratio is plotted 
against mixing zone length. 

The majority of tests listed in Table 1 were made at 
displacement rates of 2 ft/day. In addition, one test-was 
made at 0.96 ft/day, one at 4 ft/day, and two at 5 
ft/day. Since agreement was obtained between all the 
data in the correlation in Fig. 5, it appears that rate 
variations were of minor importance. 

Data have been presented by von Rosenberg’ on mix- 
ing zone lengths obtained in unconsolidated sand cores. 
The length of the mixing zone (from 5 per cent to 95 
per cent driven fluid) at a rate of 2 ft/day was taken 
from this article and compared to the data from Table 1. 
The data of von Rosenberg’ follow the same correlation 
used for mixing zone lengths given in Table 1. ~- 


With the exception of Test D, all runs in Table 1 
were made with liquid-liquid systems, and as such rep- 
resent the type of displacement occurring as oil is dis- 
placed by LPG. To investigate the displacement of LPG 


by natural gas at pressures above the critical pressure — 


(for the temperature involved) Test D was made using 
methane gas to displace liquid propane at 1,500 psig 
and 80°F. Since this pressure is above the critical pres- 
sure of 1,420 psia for the methane-propane system at 
80°F there was complete miscibility at all times, and no 
phase change occurred in going from 100 per cent 
methane to 100 per cent propane. Fig. 5 shows that the 
mixing zone length obtained in this type of gas-liquid 


_ displacement correlates in the same manner as mixing 


zone lengths from liquid-liquid systems. 
While the correlation in Fig. 5 is empirical, the data 
indicate that, over the range of experimental conditions 


_ tested, mixing zone lengths in gas-liquid and liquid-liquid 


systems which are miscible at all times can be predicted 
by using viscosity difference divided by viscosity ratio as 
a correlating factor. 


EFFECT OF TYPE OF POROUS MEDIA ON 
MIXING ZONE LENGTH 


Miscible fluid displacement tests conducted using un- 
consolidated sand cores (permeability = 3 darcies) and 
Torpedo sandstone cores (permeability = 0.4 darcies) 
show no significant dependence on the porous media 
used. This is demonstrated by the correlation in Fig. 5 
where, within the accuracy of the correlation, mixing 
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zone length is shown to be primarily dependent on vis- 
cosity ratio and viscosity difference. As a further check, 
Test H was made in Bandera sandstone cores (permea- 
bility = 0.08 darcies) using the same fluid pair as in 
Test E which was made in Torpedo courses. The initial 
displacement rate in the Bandera cores was 4 ft/day as 
compared to 2 ft/day in the Torpedo cores. The effect 
of increased rate, although minor, might tend to increase 
the length of the mixing zone; however, a slightly 
shorter stable mixing zone was observed using Bandera 
cores. Mixing zone length in the more permeable Tor- 
pedo cores was 8.5 ft as compared to 6.4 ft obtained in 
Bandera cores. The shortening must be attributed to the 
difference in porous media. A difference of this magni- 
tude would appear to be insignificant as far as field 
application is concerned. 


No attempt was made to study miscible fluid displace- 
ment in limestone type porosity cores. The data obtained 
in sandstone type porosity cores indicate that the length 
of the mixing zone is not significantly dependent on the 
type of porous media in which miscible fluid displace- 
ment occurs. 


DISPLACEMENT OF LPG By NATURAL Gas 
WITHOUT COMPLETE MISCIBILITY 


In displacing LPG from a core with methane at pres- 
sures below the critical pressure (for a given tempera- 
ture), condensation of the methane occurs initially to 
form the bubble point mixture. Additional gas injection 
Causes vaporization of the bubble point liquid and results 
in a dew point gas which displaces liquid by the ordi- 
nary gas drive mechanism. Gas drive occurs until fresh 
LPG is contacted. At this point, the flowing gas phase 
condenses in order to form bubble point liquid again. 

As an illustration of how these vaporization and con- 
densation processes are thought to operate, Fig. 6 shows 
three stages of a typical soluble gas drive. The dry zone 
is formed as the injected methane vaporizes all of the 
bubble point liquid at the boundary of the two-phase 
region (A). Dew point gas formed at this boundary 
flows ahead displacing the liquid phase in the two-phase 
tegion. At point (B) the flowing dew point gas comes 
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Fic. 6—ReprRESENTATION OF SOLUBLE Gas DISPLACEMENT AT 
Various POSITIONS DURING OPERATIONS. 
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in contact with 100 per cent LPG and condenses to form 
a bubble point mixture. The schematic representation in 
Fig. 6 was based on observations of preliminary labora- 
tory displacement studies in which ethane gas displaced 
liquid propane, and propane gas displaced liquid butane 
below the critical pressures involved. These preliminary 
results showed that the combination of vaporization and 
condensation occurring was responsible for much higher 
recovery than would be expected by a normal gas drive 


at the same mobility ratio. 


Because of the importance of vaporization and con- 
densation, displacement efficiency in this modified gas 
displacement process is governed by the phase character- 
istics of the fluids, operating pressures, and physical 
properties of the porous media to be flooded. In view of 
the infinite combinations of pressure, temperature, 
fluids, and rock materials to be encountered in field 
Operations, an analytical method was developed for 
predicting the performance of such a process in a two- 
component system in which vaporization and condensa- 
tion occur. The basic considerations used in developing 


this method are enumerated below: 


1. For an individual gas displacement, gas injection 
rates were observed to be constant as liquid was pro- 
duced from the core at a constant rate and the zone of 
vaporization moved through the core at a constant rate. 
Therefore, the assumption was made that the liquid sat- 
uration at the back end of the two-phase boundary 


remains constant for a particular system. 


2. The volume of gas flowing in the two-phase region 
is greater than that in the dry zone and this increase in 
gas volume occurs as the injected gas passes the two- 
phase boundary. This increased volume of gas is the 
result of vaporization of liquid at the back end of the 


two-phase zone. 


3. Compositions of the liquid and gas are constant 
throughout the two-phase region since the pressure 
gradient is very small throughout this region. Since there 
is no change in composition, volumetric flow rates can 
be assumed to be constant. The flow of liquid and gas 
in this region can therefore be described by the frac- 
tional flow and frontal drive formulas of Buckley and 


Leverett.” 


4. The gas flowing in the two-phase region condenses 
at the boundary between the two-phase and completely 
liquid saturated zones by continually coming into con- 
tact with new driven liquid. The liquid saturation at 
which condensation occurs can be determined by a 


material balance on the total gas injected. 


The basic equations used in developing the final equa- 


tions are: 
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injected. 


Using the assumptions and basic equations listed 
above, equations were developed to permit calculation 
of factors necessary to describe the performance of liq- 
uid displacement by gas drive with a highly soluble gas 
in a two-component system. These relationships are 
given below. 


CALCULATION OF LIQUID SATURATION AT THE 
ZONE OF VAPORIZATION 


(1) 


The right side of Eq. 1 contains factors which are influ- 
enced only by operating conditions chosen, i.e., pressure, 
temperature, and fluids used. The liquid saturation at the 
zone of vaporization (S,,,) can be solved by trial and 
error. 


RATE OF ADVANCE OF THE ZONE OF VAPORIZATION 


Once the value of S,,, has been determined, it is possi- 
ble to calculate the rate of advance of the zone of vapor- 
ization by Eq. 2 given below. 


aL 
of, 
[Gs] 


FLUID DISTRIBUTION IN THE TWO-PHASE ZONE 


The rate of advance of any zone of constant liquid 
saturation in the two-phase zone, and hence the fluid 
distribution in this zone, can be calculated by Eq. 3. 


| 


(3) 


CALCULATION OF LIQUID SATURATION AT THE 
ZONE OF CONDENSATION 


The remaining factor necessary for determining the 
performance of a gas displacement with a highly soluble 
gas is the prediction of the liquid saturation at which the 
flowing gas condenses. Ahead of the zone of condensa- 
tion, there is the transition zone between equilibrium 
liquid and the single-component liquid being displaced. 
Since this zone of transition is relatively small in com- 
parison to the total length in which the injected gas is 
contained, all of the injected gas is assumed to be in the 
two-phase zone and the dry zone. Eq. 4 is a material 
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balance on the injected gas, and the liquid saturation at 
which condensation occurs (S.,.) can be determined by 
finding the value of S,.. at which Eq. 4 balances. 
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In order to check the applicability of the method of 
calculation presented above, a series of laboratory gas 
displacements were made to obtain data on residual 
equilibrium liquid saturations and rates of advance of 
the two-phase and drying regions. Figs. 7 and 8 show 
data obtained in a typical test. This is the only displace- 
ment test for which experimental data are shown, since 
all tests exhibited the same characteristics, i.e., constant 
gas injection rate and constant rate of advance of the 
drying zone. 

Fig. 7 shows the volume of gas injected in a gas dis- 
placement in which propane gas was used to displace 
liquid butane in a 4-ft-long Torpedo sandstone core. 
Liquid production was maintained constant by with- 
drawing liquid butane with a constant rate pump. Pro- 
pane gas was injected into the core system under a con- 
stant pressure of 100 psig at 95°F. As shown by Fig. 7, 
the gas injection rate became constant after three hours 
and stayed constant until gas breakthrough occurred at 
21 hours. The gas injection rate was 140 ml/hour (meas- 
ured at 100 psig and 95°F) as compared to a liquid 
production rate of 21.5 ml/hour. This difference is an 
indication of the amount of propane that is condensing 
in the butane as the two-phase region grows. 

Fig. 8 shows the liquid production rate and the ob- 
served rate of advance of the drying zone. The drying 
zone was determined visually as it moved through the 
core. There was no difference between this zone and a 
similar dry and clean core. The drying zone moved 
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through the core at a constant rate of 2.2 cm/hour in 
this run. After breakthrough at 21 hours, the rate of 
advance of the drying zone decreased slightly. This is 
to be expected since the volume of gas injected decreased 
after gas breakthrough because fresh butane was not 
being contacted. In all the experimental runs, liquid 
production was kept constant by a volumetric pump. 
Therefore, as shown in Fig. 8, liquid production plotted 
against time always resulted in a straight line until gas 
breakthrough; and, after breakthrough occurred, the 
liquid production dropped off. very sharply. Residual 
liquid saturations at gas breakthrough are always re- 
ferred to at this time. 

Table 2 is asummary of all gas displacement studies 
made with conditions of partial miscibility. The agree- 
ment obtained between the experimental and calculated 
data shows the applicability of the theory for predicting 
performance of this type of process over a wide range of 
operating conditions. 


AP ON 


The procedure for the miscible fluid displacement 
process (see Fig. 1) basically consists of LPG displacing 
oil, with the LPG being displaced in turn by natural 
gas. Because of pressure-volume-temperature relation- 
ships, displacement of LPG by natural gas can be 
accomplished with complete miscibility (at pressures 
above the critical pressure for the reservoir tempera- 
ture) or can be of a partially miscible nature below the 
critical pressure. Individual reservoir conditions, i.e., 
depth and temperature, and pressure-volume-temperature 
relationships of the LPG-natural gas system will deter- 
mine whether complete miscibility can be maintained at 
all times. For example, using propane to displace oil and 
natural gas to displace the propane, the critical pressure 
of the natural gas-propane system would be 1,350 psi at 
100°F. At reservoir depths greater than 1,300 ft, misci- 
ble fluid displacements using natural gas and propane 
can be conducted with complete miscibility. For reser- 
voirs shallower than 1,300 ft, displacement of the pro- 
pane would be partially miscible. This difference in the 
type of LPG displacement results in the following kinds 
of miscible fluid displacement operations, 


MISCIBLE FLUID DISPLACEMENT ABOVE THE 
CRITICAL PRESSURE 

At pressures above the critical pressure of the natural 
gas-LPG system, the over-all displacement of oil is 
accomplished in a manner illustrated in Fig. 9. In this 
type of miscible fluid displacement operation there is 
complete miscibility throughout the entire reservoir, i.e., 
only one phase is present at any point, and the existence 
of the two mixing zones allows the propane to act as a 
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buffer between the dry gas and original oil. In this man- 
ner, dry gas is able to replace reservoir oil with very 
high recovery efficiency in the portion of the reservoir 
contacted. 

Propane requirements for this type of miscible fluid 
displacement will be determined by the lengths of the 
natural gas-LPG and LPG-oil mixing zones. To give an 
indication of the propane required, calculations were 
made for an end-to-end flood in a reservoir 1,000 ft long 
and 2,000 ft deep. Assuming that the reservoir oil has a 
viscosity of 4 cp and that LPG is used to displace this 
oil, calculated mixing zone lengths using the correlation 
in Fig. 5 are 42 ft for the LPG-oil zone and 3 ft for the 
natural gas-LPG zone. This represents only 2.25 percent 
of the total pore volume to be flooded, since the LPG 
content of the mixing zone would average approximately 
50 per cent. 


MISCIBLE FLUID DISPLACEMENT BELOW THE 
CRITICAL PRESSURE 


Fig. 10 shows the distribution of fluids in the reservoir 
in an end-to-end displacement for operating conditions 
where reservoir pressure is below the critical pressure 
of the natural gas-LPG system at reservoir temperature. 
From the oil through the pure LPG bank, displacement 
is identical to that of Fig. 9. Because of partial miscibil- 
ity in LPG displacement below the critical pressure, 
propane will be distributed all the way back to the dry 
zone boundary (A). The total volume of propane that 
must be injected prior to gas drive consists of: (1) pro- 
pane in the LPG-oil mixing zone, (2) propane in the 
short bank of 100 per cent propane, and (3) propane 
contained in the gas and liquid phases in the two-phase 
region (A to B in Fig. 10) at the time of gas break- 
through. The most important factor determining total 
propane requirements will be the length of the two- 
phase zone at the time when the reservoir is completely 
flooded. 

Because of the relative rate of advance of the drying 
zone to the condensation zone, the length of the two- 
phase zone that develops will be large in comparison to 
the total distance flooded and hence initial investment 
will be large due to the amount of propane required. In 
order to overcome this difficulty, a method has been 
proposed for maintaining the two-phase zone at a con- 
stant length by “scavenging” the back end of this zone, 
The method of doing this is shown in Fig. 10. Dry gas 
is injected at a predetermined rate such that the drying 
zone moves at a rate equivalent to that of the mixing 
zone. The resulting gas flow rate in the two-phase zone 
would normally cause the zone of condensation to move 
more rapidly than the drying zone; however, the rate of 
advance of the condensation zone is regulated to the 
desired value by withdrawing a part of the flowing gas 
at an intermediate well located in the two-phase zone. 
The LPG is stripped from the gas withdrawn from the 
intermediate well and reinjected in the bank of pure 
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LPG ahead of the two-phase zone. Because of the neces- 
sity of “scavenging” the back end of the two-phase zone, 
it appears that application of low pressure miscible fluid 
displacement will be most satisfactory in reservoirs suit- 
able for end-to-end displacement. 

The amount of LPG required to conduct a miscible 
fluid operation below the critical pressure is dependent 
in general on well spacing, operating pressure, gas cy- 
cling facilities, and rock properties (in so far as these 
affect the relative rates of advance of the drying and 
condensation zones). Calculations for a typical reservoir 
indicate that propane requirements are less than 10 per 
cent of the hydrocarbon pore volume to be displaced. 


SUMMARY 


1. Based on experimental observations, a fluid can be 
completely displaced from the pores of a rock by a mis- 
cible fluid. In this type of displacement, a mixing zone 
develops between the two fluids and reaches a stabilized 
length. 

2. Displacement rate does not affect the length of the 
mixing zone after the mixing zone stabilizes at the initial 
rate. 

3. Over the range of experimental conditions tested, 
mixing zone lengths in gas-liquid and liquid-liquid sys- 
tems which are miscible at all times can be predicted by 
using viscosity difference divided by viscosity ratio as a 
correlating factor. 


4. Data obtained in sandstone type porosity cores 
indicate that the length of the mixing zone is not signifi- 
cantly dependent on the type of porous media in which 
miscible fluid displacement occurs. 


5. Equations are presented to describe vaporization 
and condensation effects in the modified type gas dis- 
placement that occurs when LPG is displaced by natural 
gas at pressures below the critical pressure of the natural 
gas-LPG system. The agreement obtained between the 
experimental and calculated data shows the applicability 
of the theory for predicting performance of the type of 
process Over a wide range of operating conditions, 

6. To enable miscible fluid displacement processes to 
be applicable to any reservoir, regardless of depth or 
pressure, two plans are proposed; one for the case of 
complete miscibility throughout the displacement opera- 
tion, and the other to cover the case where displacement 
of the solvent is accomplished with partial miscibility. 
Calculations based on the experimental data indicate 
that a bank of solvent with a volume less than 10 per 
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cent of the hydrocarbon pore volume to be displaced 
will be adequate to recover essentially all the oil from 
the portion of the reservoir contacted. 


NOMENCLATURE 


lI 


Area 


A sq cm 
¢ = Porosity fraction 
f, = Fraction of gas flowing at any point fraction 
i, = Gas injection rate at reservoir tem- cc/sec 
perature and pressure 
L = Length in direction of flow cm 
M, = Molecular weight of bubble point lig- gm 
uid in two-phase zone 
Pp = Pressure psia 
S, = Hydrocarbon liquid saturation (frac- fraction 
tion of total hydrocarbon pore Ze 
space) * 
S,.< = Hydrocarbon liquid saturation at fraction 
which condensation of flowing gas 
occurs 
S... = Hydrocarbon liquid saturation at traction 


which vaporization of liquid 
hydrocarbons occurs 


*No connate water assumed in these derivations, therefore, hydro- 
carbon pore space equivalent to total pore space. 
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In the quantitative interpretation of the SP logs, the 
electrochemical component is generally taken equal to 
—K log R,,;/R. where K has the theoretical value cor- 
responding to solutions of pure sodium chloride. 

This method may be misleading when relatively large 
quantities of salts other than NaCl are present in form- 
ation waters—as is generally the case for low salinities 
—or in gyp-base muds. In such cases recourse is made 
in the field to changing the K value or to adding a 
correction term to the equation on the basis of local 
experience. 

An investigation has been made in the laboratory of 
the influence of HCO;, SO, Ca**, and Mg** on the 
amplitude of the SP deflection, which included in par- 
ticular determinations of the activity coefficients of Ca‘* 
and Mg**. The theory, the experimental techniques and 
a tentative method for applying the results are described. 
So far, applications to actual field cases where chemical 
analyses of waters were available have provided an excel- 
lent confirmation of the proposed meihod. 

The case of the SP in very salty brines is also consid- 
ered and it is shown that the use of activity data for 
sodium gives satisfactory results. 


HISTORICAL 


In early times of electrical logging, the SP curve was 
used exclusively as a tool for the location of permeable 
beds and the definition of their boundaries. Later, with the 
introduction of methods of quantitative analysis, attention 
was Called to the possibility of deriving from the SP log 
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some information on the formation water resistivity, 
which constitutes one essential element for the computa- 
tion of water saturation from log data. The first labora- 
tory experiments’ in 1932 had shown that, as a result of 
electrochemical phenomena arising at the contact of the 
mud and the formation, the amplitude of the deflection of 
the SP curve was, at least partly, a function of the salt 
concentration of interstitial water and accordingly of its 
resistivity. It was indicated that the amplitude of the 
electrochemical component of the SP should be equal to 
—K log R,/R,, R, and R, being the resistivities of the mud 
and of the formation water respectively. 

However, the exact value of the K coefficient was not 
determined at that time because the surface clay used for 
a laboratory model was far from an ideal shale membrane. 
Consequently, the way was not yet open towards quanti- 
tative interpretation. 

In the early forties, Tixier reported’, on the basis of 
field log observations, the following equation for the case 
of NaCl solutions, SP = —71 log f.c,/f.c:, ec, and c, being 
the concentrations and f,, f. the mean activity coefficients. 
The local variations observed in the empirical values of K, 
chiefly in the Rocky Mountains, led him to advance the 
opinion that, besides the relative amounts, the nature of 
the salts present in the solutions had a bearing on the 
magnitude of the SP. 

At about the same time Mounce and Rust’ had pub- 
lished laboratory results which emphasized the part played 
by the shale in the generation of the SP. 

On the basis of laboratory tests and theoretical consid- 
erations, Wyllie in 1948* published the following equa- 
tion of the electrochemical SP for the case of NaCl 
solutions, 


(a) 


a mf 


(1) 


1References given at end of paper. 
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at 75°F, with (a*),, and (a) n, being the mean activities 
of the two electrolytes. 

This formula is commonly used for SP log interpreta- 
tion, under a more straightforward form, which consists 
in replacing the activity ratio by the ratio of the resistivi- 
ties—the equation becoming: 


Valuable contributions on the problem of the SP have 
been made by several other investigators.*"7*" 


EN ER ODUCTTON 


The quantitative interpretation of the SP log based on 
Eq. 2 has generally been successful. Through the years, 
however, there has been a considerable number of cases, 
usually in specific localities, where the application of this 
equation has decidedly failed to give correct R,, values. 


Our study of such field cases led to the classification of 
most “abnormal SP” in clean sands into the following 
categories, namely: (1) fresh formation waters (R,, > .3 
Qm at 75°F) as found in California, Rocky Mountains, 
Venezuela; (2) muds containing appreciable amounts of 
soluble calcium salts, such as gypsum and CaCl.; and 
(3) very salty formation waters (R.. < .08 Qm at 75°F). 


The importance of correcting this long standing prob- 
lem is evident when it is realized that a given error in R,, 
produces one half of the same error in the derived water 
saturation. Obviously, this is a matter of great concern 
where formation waters are not separately available. In 
practice, the problem has been dealt with in various ways. 
The usual corrective procedures have been either to em- 
Pirically change the value of K to fit a particular area, as 
suggested long ago by M. P. Tixier” for the Rocky Moun- 
tains, or to add a corrective term to the SP equation. 


The additional term has in many Cases been regarded 
as a streaming potential across the mud cake since a 
streaming potential is also additive. However, the fact 
that the magnitude of the additive correction varies con- 
siderably from one case to another, sometimes even 
changing sign from one formation to another in the same 
well, seems difficult to reconcile solely with electrofiltra- 
tion. Also, recent experiments to be published have shown 
the existence of a streaming potential across shales which 
may cancel most of that created across the mud cake, 
depending of course on the nature of the shale and mud. 
Changing the K coefficient has often given better results 
but the correction has remained an empirical and local 
one. 

In order to develop a more unified and quantitative 
system of SP interpretation, an experimental study of the 
problem was undertaken. Our approach was to check the 
validity of applying the simple equation, 

SP K log Fes 
to the cases where “abnormal SP’s” were found and to 
derive whatever data and methods appeared necessary for 
a more accurate calculation. While fundamental sound- 
ness was a prerequisite, approximation errors less than 
10 to 20 per cent in the derived fluid resistivities or within 
the usual accuracy (+ 5 mv) of SP field measurements 
were allowed in favor of greater simplicity in computa- 
tion. As a general result, a practical method for interpre- 
tation in clean sands was derived and shown successful 
by applications to typical field examples. Extension to 
shaly sand remains a subject for future study. 

In the following, the principle of the method and the 
various charts required for its application will be ex- 
plained first. Next some actual field examples will be 
discussed. Finally an outline of the experimental and 
theoretical basis of the method will be given. 


PART I— PRINCIPLES of INTERPRETATION 


INFLUENCE OF DIVALENT IONS IN 
LOW SALINITY SOLUTIONS 


The presence of Ca** and Mg™ in either the mud fil- 
trate or the formation water affects considerably the SP 
when the salinity of either fluid is low. The reason is that 
Ca™ and Mg™ ions in dilute solutions have a much larger 
effect on the potential than Na‘ ions. As a result, dilute 
electrolytes containing Ca** and Mg** behave with respect 
to the SP as if the electrolytes were more salty than indi- 
cated by their resistivity. According to our experience, 
this effect is of importance when R,, > .3 Qm at 75°F. 
This had been considered long ago as being one likely im- 
portant cause for the “abnormal SP’s’”. The essential 
purpose of the investigation discussed in the present 
paper has been to arrive at a practical method of interpre- 
tation wherein these factors would be accounted for. 

As will be shown in Part II, it has been found that the 

SP in such cases can be generally expressed (within about 
5 mv) by: 
Goa Ang) w 
(@ya + V dea + Ang) my 
(with K = 71 at 75°F) where aya, dca, Guy, are the activi- 
ties of Na*, Ca** and Mg** ions. For present purposes 
these quantities will be regarded as parameters which are 
directly related to the concentrations of Na*, Ca** and 
Mg respectively, and which account for the “non-ideal 
behavior” of the solutions. 


SP log (3) 
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In order to apply Eq. 3, interpretation charts have 
been prepared, Figs. 1, 2 and 3, relating together ionic 
concentrations, activities and resistivities. 

Fig. 1 shows the statistical relationship between the 
sum (PPM., + PPM,y,) of the concentration of Ca** 
and Mg** and the quantity \/a,, + dy, for formation 
waters. 

Fig. 2 shows the relationship between PPM,, and the 
activity ay,. 
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Fig. 3 shows the relationship between activity and re- 
sistivity of pure NaCl solutions. 

We will now proceed to use Eq. 3 and these interpre- 
tation charts to derive a practical method of interpre- 
tation in the case of fresh formation waters. Next, the 
case of gyp-base muds will be studied. 


FRESH FORMATION WATERS—REGULAR Mups 


Fresh formation waters represent an important case 
of calcium-containing well fluids. 

A rather typical water analysis from Colorado, with a 
Ca** concentration about 25 per cent of the Na* concen- 
tration is given below: 

Water Analysis from a Well in Moffat County, Colorado 


Measured Resistivity = 1.45 ohm-m at 75°F 
In this case, the SP calculated from Eq. 2 is only 
—36 mv, but Eq. 3 gives an SP of —65 mv, which com- 
pares favorably with the measured value of —62 mv. 
In this calculation, the mud filtrate was considered as 
a pure NaCl solution, so that Eq. 3 could be simplified to, 


(@xa) ms 

The reconstruction of the SP from the chemical analy- 

sis, on the basis of Eq. 4 is done in the following way: 

1. The water analysis is expressed in terms of PPM 
Ca**, Mg**, etc. 

2. The sum of PPM,, + PPM,,, is obtained. 

3. Reading off Fig. 1, one obtains the corresponding 
value of \/a¢.** + ay,** in gram-ions per liter. 

4. From Fig. 2 one obtains a,,° corresponding to 
PPM, ,. 

5. The sum ay," + \/d¢.** + au,"* gives the total ac- 
tivity of the solution, all activities being expressed 
in gram-ions/liter. 

6. Assuming that the mud filtrate is a pure NaCl solu- 
tion, one converts its resistivity R,,, into its Na‘ 
activity by means of the chart of Fig. 3. 

7. The SP is then calculated according to Eq. 4. 

This procedure has been successfully applied to a large 

number of wells, which gives a good verification of Eq. 4. 
However, the real problem is not to reconstruct the SP 
from the knowledge of the fluid composition, but to 
determine, from the SP, the true electrical resistivity of 
the formation water. 


SP = 
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In order to solve this problem, the concept of “equiva- 
lent resistivity” of the formation water is now introduced. 
Instead of expressing the SP in terms of activities as 
in Eqs. 1, 3 or 4, one can express it in a form similar to 
that of Eq. 2, but where the resistivities R,,, and R,, are 
replaced by equivalent resistivities, (Rn;), and (R.). 
such that 
The equivalent resistivities are therefore proportional to 
the reciprocal of the activities: (R,,), = A/a,,. In addi- 
tion, the proportionality factor A is chosen such that 
(R,.). = R,. for pure NaCl solutions of resistivities larger 
than ~ .3 Qm. For fresh waters containing salts other 
than NaCl, (R,,), is different from R,,. In that case, the 
equivalent resistivity of the water corresponds to the re- 
sistivity of a pure NaCl solution having the same activity 
as the water in question. By this definition, one obtains, 
instead of Eq. 3, 


Rn é 
(with 71 at 75°F). 
Of course, 
SP SK log (6) 


if the mud filtrate is essentially a pure NaCl solution. 


Eq. 6 indicates that, from the knowledge of the SP 
alone, one can obtain only the equivalent resistivity 
(R,.), of the formation water. Obviously, this (R..) iS 
of no value unless we can relate it to the true water 
resistivity. 

To achieve this purpose, systematic comparisons be- 
tween the R,, and (R,,). were made for many formation 
waters for which the chemical analyses were known. For 
these comparisons, (R,,), was computed as follows: 

1. aya + Vaca + au, was calculated from the analysis, 
using the charts of Figs. 1 and 2, as shown previously. 

2. This activity value was entered into the chart of 
Fig. 3 and the corresponding value of the resistivity was 
taken as (R,,)., by definition. 


3. The true resistivity R,, of the formation water was 
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measured or calculated from the chemical analysis, using 
Dunlap’s method. 


This was done on more than one hundred formation 
waters from widely different locations, formation ages, 
and total concentrations, and the results are indicated on 
Fig. 4A where R,, is plotted against (R,,), (all resistivi- 
ties being standardized to 75 °F). This average line is 
between the line for pure CaCl, and the line of equal 
values. For very fresh waters the deviation of the average 
line from the line of equal values is considerable, (R,,). 
<< R,,), which means that the SP calculated from Eqs. 
3 or 4 is generally much larger than the SP calculated 
from the usual Eq. 2. 


On the contrary, the deviations are quite small for 
fairly salty waters (R, < .3 Qm) which means that, in 


this range of concentration, the SP is fairly well expressed. 


by Eq. 2. 

The physical meaning of the empirical relationship 
between (R,,), and R,, for fresh formation waters in 
Fig. 4A must be that adsorption and solubility equilibria 
exist between the formations and their waters in such a 
way that the total cation activity is directly related to the 
total concentration. Some of the chemical equilibria, tak- 
ing place in the ground, have been studied in detail 
recently by H. Schoeller™. 

Significantly, the correlation of Fig. 4A implies that 
excess potentials cannot usually be explained on the basis 
of differing ion activities if the water salinity exceed about 
20,000 ppm, i.e. when R,, = (R,,),. Above this salinity, 
the waters behaved as essentially pure sodium chloride 
solutions. Considering lower salinities, local plots of R,, vs 
(RK). should be used instead of the average curve for 
greater accuracy. For example, should pure NaCl waters 
of R, > 0.3 Qm be encountered in an area, the line of 
equal values rather than the average curve would apply. 
However, such a case would be exceptional. Eqs. 3 and 4 
would apply nonetheless since the equations are independ- 
ent of any equilibrium relationship in water composition. 


If the empirical relationship of Fig. 4A applies gen- 
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erally, the SP interpretation in fresh waters is relatively 
simple and straightforward: 

1. Compute (R,,), from the SP, using the K values 
corresponding the formation temperature, and convert it 
to 75°F. 

2. Read R,, at 75°F on Fig. 4. 

3. Convert R,, to BHT. 


An application of this (R.,.). method to a well in Vene- 
zuela is now given. Fig. 5 shows a portion of the SP from 
a well in Boscan field, Zulia, Venezuela. The SP at 7,920 
to 7,940 ft is —32 mv. Formation temperature is 142°F, 
giving K = 80. R,,, measured was 2.6 Qm at 75°F, and 
the mud was known to be essentially a NaCl solution. 
Using these values in the SP Eq..6:Bave(R.,)), = 104 
Qm at 75°F. Entering Fig. 4 with (R,), = 1.04, 
R,, = 2.5 Qm at 75°F is found. The water analysis for this 
zone was available, and Dunlap’s method” for calculating 
resistivities gave a true R,, = 2.4 Qm at 75°F. 


Fig. 4B summarizes applications to the Rocky Moun- 
tains, California and Venezuela. (R..), was obtained di- 
rectly from SP logs and Eq. 6; R, was obtained from 
measurements on formation waters (some from drill- 
stem test but only those reliable were retained. ) 


Mups ConTAINING APPRECIABLE 
AMOUNTS OF SOLUBLE CA AND MG SALTS 


If it is the mud filtrate which contains appreciable 
amounts of Ca** and Mg**, and the formation water is 
effectively a pure NaCl solution, the SP is expressed by: 

(Aya) -w : (7) 
(Gye + Vdea + ms 

The effect of divalent ions in the mud filtrate is then 
to reduce the SP or even to reverse it. 

It is doubtful that an empirical relationship similar to 
the one found for fresh waters (Fig. 4) could exist for 
muds. The chemical equilibria with the clays which are 
responsible for such a relationship, do not have time to 
reach completion in the mud, since chemicals of all kinds 
are continually added to the mud stream. (That muds are 
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definitely not at equilibrium is reflected in the fact that 
they are subject to aging.) Consequently there appears to 
be no other course than actually measuring the activity 
of the mud filtrate. However, it has been found that the 
charts of Figs. 1 and 2, derived for formation waters, are 
applicable in many cases, and permit a simple calculation 
of activity if the chemical analysis of the mud filtrate 


is known. The determination of + + 
from these charts is made as described previously. Other- 
wise, the activity must be calculated from the analysis 
using Fig. 13. 

Eq. 7 is then solved for (day,),, and the corresponding 
value of the water resistivity is read directly on Fig. 3. 

If the formation water cannot be considered as a pure 
NaCl solution and if its composition is known Eq. 3 is 
used instead of Eq. 7, and, using again the chart of Fig. 3, 
the value of (R,,,). is obtained. 

(R,,). is finally converted to R,, by means of the em- 
pirical chart of Fig. 4. 

From our experiences, it seems that gyp-base muds and 
CaCl, muds are the only one for which the Ca** and 
Mg” correction must be applied. Despite their name, the 
Ca** ion concentration in high pH lime base muds is 
commonly negligible compared to the Na* concentration, 
the lime being mainly in dispersed solid form. It should 
also be pointed out that calcium and magnesium in muds 
may be held in complexed form with some organic addi- 
tives and thus not be entirely available at Ca‘* and Mg** 
ions. Measurements on a limited number of gel-quebracho 
and lime base-oil emulsion field muds showed that their 
resistivity-activity relation compared favorably with that 
for NaCl. This is in agreement with previous data by 
Wyllie.’ 

As an example, Fig. 6 shows one portion of the ES log 
on a well in Saskatchewan, Canada. A gyp-base mud of 
the following composition was used. 

Ca = 1,040 Mg = 194 Na = 5,600 PPM. 

The measured value of R,,, at 75°F was .40 Qm. 
The SP reads about —55 mv. The computation of R,, is 
as follows. The sum of divalent cations is PPM,, + 
PPM,,, = 1,040 + 194 = 1,234. From Fig. 1 this cor- 
responds to \/deq + du, = .096. Using Fig. 2, a PPM,y, 
of 5,600 gives dy. = .18 so that (@io:0:) my = 096 + .18 
= .276. At 4,900 ft the temperature is about 128°F for 
which K = 74. Applying Eq. 7, —55 mv = 74 log 
(Axe) w/(Gtorar) ms OF (Aya) =, 1.53 gr ion/1 which cor- 
responds to R,, = .062 Qm at 75°F on Fig. 3. Formation 
water from this sand from a DST had a measured resis- 
tivity of .056 Qm at 75°F. Had we used Eq. 2 with the 
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measured value of R,,; = .4, we would have obtained an 
Re S072. ata» 


HIGH SALINITY WATERS 


The case of concentrated brines is somewhat different. 
Here, the effects of Ca** and Mg* are negligible for rea- 
sons discussed in Part II and Eq. | is therefore perfectly 
valid, but the activity ratio cannot be replaced by the 
resistivity ratio. 

This fact has been pointed out by Wyllie”. The rea- 
son for its presentation here is two-fold. First, for re- 
emphasis and completeness since “abnormal SP’s” due 
to high salinity of the waters are still frequently re- 
ported. Second, for the purpose of presenting a uni- 
form method of interpretation for ‘abnormal SP’s” 
that result from the water composition. Wyllie recom- 
mends use of Eq. 1, 

(@ wacr) w 
(A yacr) ms 
For consistency with our method of interpreting the 
SP in fresh water, we recommend use of, 
rods (8) 
Give, 
the difference being solely in the use of sodium ion ac- 
tivities, ay,*, rather than the mean activities of NaCl, 
@yaci. the difference in computed SP by the two meth- 
ods is negligible. Fig. 3 gives the relation of single ion 
activities to resistivity for use in Eq. 8. 

For a more unified presentation, the concept of 
equivalent resistivity may also be used in this case. The 
equivalent resistivity is again defined as a quantity pro- 
portional to the reciprocal of the activity ay,*, ice. 
(R.). = A/day,* where A is the same as for dilute so- 
lutions (R,, > .3Qm). Eq. 8 becomes Eq. 5 and unless 
the mud is a gyp-base mud, a CaCl, mud, or a salt 
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Saturated mud, (R,,,), is equal to R,,, so that Eq. 5 


can again be simplified to Eq. 6, 


SP = — K log (R.) 


Using the definition of (R,,)., the curve of Piss 3: (ayn 


vs R,) can be converted to a curve of 


valid for concentrated NaCl solutions. This curve was 
combined with the empirical curve for fresh waters of 
Fig. 4A to form a composite chart relating (R,). to 


R,. for all ranges of resistivities. The chart is shown in 


Fig. 7 in which the variations of resistivities with tem- 


perature are also indicated. The way in which this 
chart was established for concentrated solutions will be 
discussed in Part II. In the fresh water range, the tem- 
perature coefficient of the average resistivity curve has 
been taken equal to that of pure NaCl solutions of 
same resistivities. The error so introduced does not ex- 
ceed 10 per cent for most formation waters. 

An example of application of the chart of Fig. 7 is 
now given: 

Fig. 8 shows a high salinity case in Clairborne Parish, 
La. Here the SP was — 117 mv at 10,500 ft. The for- 
mation temperature of 205°F requires a K = 88. R,,, 
(measured) was .15 Qm at 205°F. 

Entering these data into Eq. 6 one obtains (R,,), = 
.007 Qm at 205°F, and using the curve of R,, vs (R,.). 
for 205°F on Fig. 8, one obtains R,, = .016 Qm at 205°F 
which would correspond to R,, = .044 Qm at 75°F. R,, 
measured was .046 Om at 75°F. 

Had we used’ Eq. 2, we would have obtained R,, 


SP Normal 16" Lateral 18' 8" 
2010 20) 


200 
q 
| 
i 
\ | { 
N =F 
N q | 
NS 
d b 
5 
N 
LS 


Fic. 8—Exampte or SP Hicu Satinrry WATER 
_— FROM LOUISIANA. 


= .007 Om at 205°F or R, = .02.Qm at 75°F. This is 
impossible, as a saturated NaCl solution resistivity is 
04 Om at 75°F. 


RESULTS OF FIELD TESTS 


Very good quantitative results have been obtained in 
more than 50 field cases to which the methods of this 
paper have been applied. Agreement was generally 
within 10 per cent between R,, calculated from the SP 
and that obtained from produced waters. 

While some simplifying assumptions have been neces- 
sary in order to formulate charts which could be easily 
used, the success obtained in field applications indicates 
that the errors so introduced are within the normal ac- 
curacy of field interpretation. 

It is important to re-emphasize that the methods pre- 
sented are for cases where the SP is unusual for reasons 
of composition or concentration of the well fluids. Cases 
will doubtlessly be found which are abnormal for other 
causes and therefore not interpretable by these methods. 
(An example is the SP in the J-Sand of the Dakota 
Series in certain wells in Weld and Adams counties, 
Colo. There, the abnormality may be due to the presence 
of iron sulfide in the carbonaceous shale streaks.) Exten- 
sions of the method to shaly sand interpretation will be 
studied. It presently appears that the qualitative part of 
the method of Poupon, Loy and Tixier“ can still be ap- 
plied, subject to appropriate correction. 


PART IT— THEORETICAL PRINCIPLES and MEASUREMENTS 


ASSUMPTIONS IN SP = — K LOG R,,,/R, 


As shown by H. G. Doll’, the technique of SP log- 
ging is essentially the measurement of the potential dif- 
ference in the mud column from the shale to the sand. 
This ohmic potential drop in the mud is equal to the 
electromotive force creating the SP current when the 
resistance of the mud to the current flow is large com- 


VOL.-210, 1957 


pared with the resistance of the path in the formation. 
In such a case, the electromotive force is called the 
static SP or SSP and is the value with which the present 
study is concerned. The magnitude of the SP is then 
equal to the electromotive force of the chain: mud fil- 
trate/shale/formation water/mud filtrate, — as discussed 
by Wyliie* and others. No electrode reactions are in- 
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volved since the complete current loop contains only 
ionic conductors: the SP measuring electrode is used 
as a probe, whose potential variation with respect to a 
reference electrode is a measurement of the variation 
of potentials vs depth in the mud column. 


The total emf of the chain may be considered as 
the algebraic sum of the emf across the shale formation 
(membrane), £,,, and the emf across the liquid junc- 
tion, E,, between the mud filtrate and the formation 
water through the sand. The advantage of separately 
considering Ey, and E, lies in the fact that E, is a con- 
siderably smaller term than E,, and can tolerate greater 
approximation errors. 

Any diffusion potential, with or without a charged 
membrane, is expressible by: 

Soln. 2 
Zi 
Soln. 1 
where 7; is the transport number or the fraction of 
current carried by specie i of valence z, (7; = tz; 
where ¢; is the transference number) per Faraday of 
electricity passing through the system, and a; is the 
activity of specie i, the summation being taken over 
all species (Scatchard). This equation is valid for a 
liquid junction between any mixture of solutes and 
solvents whether the junction is through a charged mem- 
brane or not, and for any combination of such junc- 
tions in series provided that the transfer of non-electro- 
lytes is properly taken into account. 

For Ey across the junction formed by the cationic 
shale membrane separating formation water and mud 
filtrate, Eq. 9 reduces to the common Nernst form, 

when the electrolytes are effectively pure NaCl solu- 
tions and the shale ideal (when water transport and 
anionic diffusion are negligible). The activity terms are 
the single ion activities of Na* in the formation water, 
and in the mud filtrate, (ay,*)m:. If it is as- 
sumed, as is permissible up to moderate concentrations 
that, 


Where = V by definition, the more 
familiar expression is obtained, namely: 


RT 
4 (2) nz 


F (11) 


where: 2.3, RT/F = 59 at 75°F. 


For E,, the emf of the liquid junction between the 
mud filtrate and the formation water through the clean 
sand can be integrated to the common form, 


RT 


Ca 


where: 
RE: 
= 12 at 75°F 


when it is assumed again that the formation water 
and mud filtrate are effectively pure NaCl solutions, 
that the transport numbers of the ions are constant 
through the concentration range between the two op- 


posing solutions, and that ay.* = do; = d'yec;. The 
total SP measured is then as expressed by Eq. 1, namely: 
(a) mf 
64 


w 

mf 

where K = (59 + 12) = 71 at 75°F. 
For pure NaCl solutions, a derivation of Eq. 1 is 

possible without assuming the equality of Ava tO Qei 

and a*yac, but for present purposes the derivation suffers 

from the disadvantage of not separating Ey and E,. 
Commonly, since both activities and resistivities are 

proportional to the concentrations, except for > IN 

solutions, (a my; is replaced by R,,,/R, giving 

the field Eq. 2, 


= — K log 


Ry 

The three major assumptions which are implicit in 
this equation may be summarized as follows: 

1. The shale is regarded as an ideally permselective 
membrane, namely one through which only cations 
can pass. 

2. Both the formation water and the mud filtrate are 
considered to be effectively pure sodium chloride so- 
lutions. 

3. The ratio of the mean activities (a ),/(@) my; 1S 
equal to the resistivity ratio Rn;/R.. 

An evaluation of these assumptions formed the basis 
for the methods of SP interpretation in fresh waters 
and very salty brines proposed in Part I. The constancy 
of the transport number will not be considered as a 
separate assumption but will be discussed under highly 
saline solutions. 


SP = — K log 


IDEALITY OF SHALE FORMATIONS 


Fundamental to the use of the simple Eq. 1 for the 
SP is assumption (1) that shale formations behave 
ideally as cationic permeable membranes. Laboratory 
measurements with shale membranes cut from cores or 
with synthetic ion exchange membranes (Amberplex 
C-1 or Nepton CR-1) commonly show a falling off of 
potential above 0.1N NaCl concentration from that 
calculated for an ideal membrane, K = 59.. On the 
other hand, the simple SP equation with a K = 59 for 
the membrane potential has been generally successful 
at fairly high concentrations in field practice when the 
solutions were essentially NaCl. There is also indication 
of ideal behavior in the remarkable constancy of the 
shale base line over wide depths intervals in sand-shale 
series’. The main differences between laboratory and 
field conditions are that shale formations are thicker, 
under a higher overburden pressure, at higher temper- 
ature, and definitely at equilibrium with at least one 
of the fluid phases (the formation water). With regard 
to equilibrium, shales used in the laboratory may have 
suffered considerable alteration of their exchange ion 
composition in the process of coring, storing and cut- 
ting. The effects of pressure, temperature and to some 
extent of restoring exchange ion equilbrium were there- 
fore studied in order to show, at least qualitatively, 
whether shale formations are more ideal electrochem- 
ically than might be assumed from earlier laboratory 
experience. 

An experimental cell was constructed, Fig. 9, which 
permitted a shale section to be compressed between 
two perforated Teflon gaskets held between opposing 
plates of a hydraulic press. The perforations of the gas- 
kets formed a continuous channel that permitted the 
circulation of salt solutions against the faces of the 
shale. Both plates of the press were heated to a desired 
temperature and the electrolyte solutions were kept at 
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the same temperature by storage in a constant temper- 
ature bath and by circulation of the bath fluid through 
jackets surrounding the solution lines to the shale. The 
results are illustrated by Spraberry shale, at 2N (or 
100,000 ppm) concentration level, shown in Fig. 10 
plotted as Kneas/Kineor VS pressure at various temper- 
atures up to 140°F. While the compaction pressures 
were limited by the apparatus to 5,000 psi, the range 
was realistic. The difference between overburden and 
hydrostatic pressures in a 10,000-ft well, for example, 
might be of the order of 6,000 psi and the temperature 
160°F. 


The important result of these experiments is the 
clear trend towards more ideal behavior at higher pres- 
sures and temperatures. The improvement with pres- 
sure is consistent with experiments by Wyllie and Pat- 
node” with ion exchange resins for which theoretical 
justification was indicated by Scatchard” as being an 
increase in the density of the fixed charges of the mem- 
brane by reducing the interstitial volume. The improve- 
ment with temperature may be related to a quicker at- 
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tainment of equilibrium conditions. For example, the 
attainment of exchange equilibrium in a shale with an 
external solution was found to be greatly enhanced by 
heating the shale in concentrated NaC] solution to 
130°F to 170°F for several days. 

Finally, concerning the effect of shale bed thickness, 
the shale membranes used in the above experiments 
were of the order of % in. to 1 in. They were well com- 
pacted and homogeneous. However, thicker sections 
might be required of less homogeneous shales for 
equivalent performance. 

Even though under our experimental conditions, the 
behavior of the shales was still not fully ideal at high 
salt concentrations (1N > 2N) it is felt that the main 
reason for this lies in the difficulty of exactly duplicat- 
ing well conditions in the laboratory. 

As a general conclusion, we can accept with greater 
confidence than before the applicability of the simple 
ideal type equation such as Eq. 1, without the compli- 
cation of correction terms and with K = 71 at Leysep 
for the interpretation of SP. 


FORMULATION OF THE SP FOR SOLUTIONS 
OTHER THAN 


As already stated in Part I, this corresponds to com- 
paratively fresh formation waters, and also to muds 
containing gypsum and/or CaCl,. In such cases, the 
relative concentration of ions other than Na* and Cl is 
high although at a low concentration level. In particu- 
lar, Ca™*, Mg**, HCO, and SO; are frequently present. 
Therefore assumption (2), that the electrolytes of the 
well system are sodium chloride, is not justified. 

The emf across a charged permselective membrane 
such as shale, when the solutions in contact with the 
shale membrane are of different composition, cannot be 
expressed by the simple equation. 

RT 
Ex F In (a) ae 

This problem has been considered theoretically by a 
number of authors: Marshall”, Wyllie’*, Scatchard”, 
Sollner™ and more recently by Helfferich” but very few 
experimental data on multivalent ion systems have 
been published. These investigations on so-called ‘“‘bi- 
ionic potential” are extremely valuable for the theo- 
retical understanding of the phenomenon but unfor- 
tunately give expressions which are far too complicated 
for practical use in log interpretation. Also, unknown 
parameters such as the relative mobility of ions within 
the membrane are involved. 

The remaining part of the SP, the liquid junction E,, 
is also difficult to evaluate when the fluids on opposing 
sides of the junction contain ions of different valences. 
Even if a reasonable structure of the junction can be 
assumed, transference numbers and their dependence on 
concentration for the many ions of practical interest 
are not sufficiently known to permit exact analytical 
evaluation. Fortunately, the emf of the liquid junction 
is a relatively small portion of the SP and assumptions 
to give greater simplicity of expressions can be tol- 
erated. 

The modification which must be made to Eq. 1 for 
fresh water compositions will now be considered. This 
will include first the effect of anions other than chloride 
ions, second the effect of different cations in simple salt 
solutions, and finally different cations in mixed salt so- 
lutions. Throughout the discussion the concept of sin- 
gle ion activities will be used”. These are defined as 
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those measured with the use of a saturated KCI salt so- 
lution bridge in the manner suggested by Scatchard”. 
‘Such a definition does not contradict any measurements 
or theories which do not involve single ion activities and 
permits considerable simplification in the practical anal- 
ysis of the SP from mixed electrolytes. The importance 
of the absolute significance of single ion activities is 
minimized since activity ratios are used in all final 
equations and differences of 1 or 2 mv in the SP are not 
of great concern in field practice. All single ion activities 
will be referred to those of sodium and of chloride ions 
in NaCl, at the same ionic strength, which for dilute 
solutions are both equal to the mean activity (less than 
4 per cent error up to IN NaCl) of NaCl and for con- 
centrated solutions are given by Eq. 25. 


ANIONS OTHER THAN CHLORIDE 


The effect of anions other than chloride on the poten- 
tial difference across a shale is an indirect one since 
the value of E,, is ideally determined only by the ca- 
tions. At most, the effect is a slight difference in the 
activity of the cations and a difference in the solution 
resistivity when compared to chloride solutions. Experi- 
mentally, the differences were investigated with Na* as 
the cation and for HCO, and SO,= as anions since these 
are the most common in practice. 

The measurements were those of E,, on the systems, 


Na.SO,/Amberplex/NaCl 
C-1 
and 
NaHCO,/Amberplex/NaCl 
C-1 


in a membrane cell of conventional design. Amberplex 
C-1 membranes were used in this case because with 
dilute solutions they effectively behave as ideal cation 
exchange membranes, and were at that time easier to 
procure than homogeneous shale. Calomel electrodes 
were employed, each with a saturated KCI salt bridge 
contacting the solutions through a fiber-tip (Beckman 
Electrode Model 270). The electrodes were in turn 
connected to a vibrating reed electrometer with ampli- 
fier and continuous recorder (Applied Physics Corp. 
Model 30; precision 0.5 per cent; drift < .1 mv in 24 
hours). This was the potential measuring system for 
all the measurements described in the present paper. 
Correction was made for any asymmetry potential that 
might exist between the two electrodes. (This potential 
was always less than .2 mv). The small potential dif- 
ferences possibly arising because the saturated KCl 
bridges are contacting different solutions were believed 
to be less than 1 mv maximum, and therefore neglected. 
The membranes were equilibrated in 1N NaCl prior to 
measurements so that they were fully in the sodium 
form. 


The solutions were replaced periodically, about every 
10 minutes, in order to eliminate all effects of concen- 
tration changes by diffusion. 


From the measured values of E,, for different con- 
centration ratios of the two salts in a cell, the activity 
of the Na° ion in Na,SO, and in NaHCO, relative to 
that in NaCl were obtained from, 
(aya) NagS0, 

(aya) Nacl 
and the corresponding equation for NaHCoO,,. This sim- 
ple form of equation could be safely assumed since the 
potential determining ion in both solutions was Na* and 
the concentrations were low, 


(13) 
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According to Eq. 13, Ey is equal to zero when 
(Gna) va,s0, = (@ya) The measurement of (aya) 
for a given Na.SO, concentration therefore involved 
only the determination of the activity of the NaCl so- 
lution for which Ey, = 0. The (ady,) ac: values were 
taken equal to the mean activity of NaCl obtained from 
the literature”, for the concentrations used. 

The corresponding resistivities of the Na.SO, and 
NaHCO, solutions were measured with a conventional 
type 200 cps bridge and four electrode cells. 

All results are shown plotted in Fig. 11 against solu- 
tion concentration and compared to NaCl. It is apparent 
that the activity of the sodium ion is very little affected 
by the anions, but the resistivities of the solutions show 
a notable difference. Accordingly, when appreciable 
quantities of SO, and HCO, are present in solutions 
where Na‘ is the predominant cation the solutions can 
be regarded as effectively pure NaCl and the simple 
activity ratio form of the SP Eq. 1, but not the resis- 
tivity form Eq. 2, used in the SP calculations. 


The effect of SO, and HCO, on the liquid junction, 
E,, was considered relatively minor to the over-all SP. 
For comparative purposes, the limiting ionic conduc- 
tances at infinite dilution at 25°C are: for Na* 50, Cl 
76,. %SO, =. 80;-and HCO, 45: Accordingly, the dif- 
ference in cation and anion mobilities for Na.SO,, which 
determines the emf of the junction, is not greatly dif- 
ferent from that of NaCl. However, NaHCO, might 
lead to a lower emf by a few millivolts. 


The influence of SO, and HCO, on the activity of 
cations other than Na* was also assumed to be a second 
order effect and was not experimentally investigated. 
The differences in resistivities were properly taken into 
account in constructing charts for SP interpretation in 
Part I (Figs. 1, 2 and 7). 
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CATIONS OTHER THAN SopIUM 


Ca™ and Mg* in well water have a relatively large 
influence on the SP since cations are potential determin- 
ing ions in shale. Modification of the SP equation for 
Na* to a simple multi-ionic form for solution mixtures 
of Na*, Ca** and Mg** involved the measurement of 
Ca™ and Mg** activities and with these, the evaluation 
of approximate equations indicated by theory. 


AND MG** ACTIVITIES 


The measurement of the single ion activities of Ca*’ 
and Mg* in terms of the Na‘* activity could not be 
made directly with a simple cell such as, 


Cationic 
CaCl, MgCl, 
Membrane 


because a bi-ionic equation in which all the parameters — 


were known had not been established. This difficulty 
was overcome in the following way. Eq. 1 was known 
to apply to either anionic or cationic ideal membranes 
when the same potential determining ion was on both 
sides, e.g. Eq. 13 as used above. Accordingly, an anionic 
(Amberplex A-1) instead of a cationic membrane was 
used between the two chloride solutions, CaCl, (or 
MgCl.) and NaCl. The potential determining ion was 
then Cl and the single ion activity (Ger) cacr, Of the 


chloride ion in the divalent salt solution was determined 
from E,, measurements relative to the chloride ion 
activity in NaCl, (ae:) vac: being taken equal to 
The activity of the Ca** (or Mg**) ion was then calcu- 
lated from the definition of the mean activity of CaCl. 
(or MgCl.), 


a = 3 


(correspondingly for MgCl.). The mean activities of 
MgCl, and CaCl. were from the literature”. 

Fig. 12 shows the results plotted along with the so- 
lution resistivities against the concentration of Ca*’ 
and Mg** in PPM. For comparison the data on Na‘* 
are also given. The square root of the divalent ion ac- 
tivity is plotted since this is the exponent of their ac- 


tivity term in the potential equation (e.g. Eq. 18 below). 


These data show that for dilute solutions (less than 
6,000 PPM,, and less than 8,000 PPM,,,) the divalent 
ions give a considerably larger emf than an equal con- 
centration of Na* ions. The results on Ca** are in good 
agreement, as shown in the figure, with published data 
on the activity of Ca** in CaSO,, Ca(HCO,), and 
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CaCO, measured with artificial selective clay mem- 
branes”. Also agreement to within 10 per cent was 
found with divalent ion activities calculated according to 
Debye and Huckel’s theory* on the assumption that 
the activity coefficient Eq. 15 of the chloride 1015: 61> 
in the divalent salts was equal to the Yer in NaCl at the 
same ionic strength (Eq. 16 below), and the definitions 
of mean activity coefficients. Finally, Ey calculated 
from the measured divalent ion activities for a cell of 
the type CaCl. (C,) /cationic membrane/CaCl.(C,) 
checked the experimental E,, to + 1 mv. 

Extension of the above data on single salt solutions 
to salt mixtures is made by using the limiting law that 
the activity coefficient of an ion j, 

where: a, is the activity of the ion j in solution 
at concentration c; in gr. ion/1. 
in a mixture is the same as the activity coefficient of 
the ion in a pure salt solution of the same ionic strength 
defined as, 


where: c, is the concentration of ion i (gr. ion/1), 
z; the valence, the sum 3, being taken over 
in ions in the solutions. 
Fig. 13 gives the activity coefficients vs ionic strength 
calculated from the data of Fig. 12. More exact expres- 
sions for higher concentration” than the above can 
be used but it has appeared from field examples that 
the simpler approximation suffices for practical pur- 
poses. 


APPROXIMATION OF BIIONIC POTENTIAL EQUATION 
FOR SINGLE SALT SOLUTIONS 


The -biionic equations are relatively simple when 
the ions separated are of the same valence but are com- 
plex when the valences are dissimilar. In addition, the 
derived expressions contain terms such as ion activities 
and mobilities within the membrane which are not gen- 
erally known. On the belief, however, that the readily 
measurable terms of the equations might express the 
potentials more satisfactorily than present field expe- 
dients, experimental measurements of potential dif- 
ference across, 


Mg Shale Na‘Solution 
Solution 


Activity Coefficient 


Mg Cl2) 
4 


Ca ++(in Ca Clo) 


01 -O1 A 1.0 10 
lonic strength (mole/t ) 

Fic. 13—Cation Activiry Corrricients vs Ionic STRENGTH 
For NaCz, CaCr,, McCt,. 
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were obtained and compared with those calculated from 
the more important terms of the proposed equations 
when using the experimentally determined cation ac- 
tivities. 

The measuring technique was the same as described 
under the sub-title “Anions other than Chloride” but 
the Amberplex membranes were replaced by small discs 
cut from a shale core. The solutions were not stirred, 
since this is not the case in the ground, when the log 
is run. 


For a shale separating a divalent ion from a mono- 
valent, the simplest equation indicated from theory is, 
where a* and a‘ are the single ion activities of the 
monovalent and divalent cations respectively and AE 
is a function of their relative activities and mobilities 
within the membrane. Potentials from shale membranes 
were found to be considerably more stable than from 
synthetic cationic resin membranes. Any necessary cor- 
rection for non-ideality of the laboratory shale samples 
was made by using experimental K values determined 
with the homoionic systems NaCl/Shale/NaCl and 
CaCl./Shale/CaCl,. The latter case when calculated 
from, 
Va" ca 
gave K vs concentration curves identical, within the ac- 
curacy of the activities, to the curves from two NaCl 
solutions. 


The solution concentrations covered the range of 
.O1N to 1N for both CaCl, and NaCl. The ratio of con- 
centrations for each measurement was chosen such that 
an Ey of over 20 mv was obtained. The ratios were 
generally near 1 but extended to ~ 3 where a,, and 


Vaca are approximately equal at the same concentra- 
tion. AE measured at equilibrium was found to be in- 
dependent of whether the shale was initially in Ca form 
(electrodialyzed) or in Na form. Measurements with 
MgCl./Shale/NaC] gave similar results. 


The difference between Ey experimental and that cal- 
culated from the first term of Eq. 17 averaged about 
— 1 mv with a spread of +5 mv. No obvious relation 
to the activity ratio or concentration level of the solu- 
tions was apparent. The data indicate that the biionic 
potential equation between mono- and divalent ions can 
be approximated to within a few millivolts by, 


Application to fresh water systems of practice, how- 


ever, requires an extension of the activity terms to a 
form for ion mixtures. 


APPROXIMATION OF THE BIIONIC MEMBRANE 
POTENTIAL FOR SALT MIXTURES 


The shale membrane potential, when one of the so- 
lutions is a mixture of monovalent and divalent ions, 
such as Na* and Ca**, has been expressed in the form, 


which is consistent with the equation for the simpler 
cases of Na,*/Shale/Na,*, and Na,*/Shale/Ca**, Eqs. 10 
and 17 respectively. AE’ is again a correction depend- 
ing on the characteristics of the membrane with respect 
to the ions under consideration, 


The validity of Eq. 20 for shale was checked experi- 
mentally by measuring the emf of the cells, 
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NaCl(1) /Shale/NaCl(2) + CaCl, 
NaCl(1) /Shale/NaCl(2) + MgCl, 

in the concentration range of interest for fresh waters. 
The concentration of the opposing pure NaCl solution 
was chosen such that the emf was always > 30 mv. 
This minimized the effect of experimental errors. The 
activity coefficients of the ions in the mixtures were 
taken as equal to the values of a single-salt solution at 
the same ionic strength as discussed before, and the K 
value was again the experimental K for the particular 
shale membrane determined with NaCl and with CaCl, 
on both sides at the same concentration level. 

According to these results, AE’ of Eq. 20 was less 
than —5 to—7 mv for all percentages of Ca**. The ex- 
perimental deviation was actually less than the calcu- 
lated probable error. For Mg**, AE’ was generally less 
than + 10 mv. Eq. 20 without a AEF’ correction ap- 
pears, therefore, to reproduce the data to within at least 
20; per cent*: 

Since Mg** is commonly present along with Ca** in 
fresh water, an expression must also be obtained for 
the ternary mixture Na* + Ca** + Mg*. 


As indicated by measurements on single salt solu- 
tions and the measured values of ion activities, the re- 
sponse from MgCl, is very similar to that from CaCl. 
thus suggesting that Ca** and Mg* ions may be treated 
as equivalent to a first approximation. In practice this 
would permit a simple form for computation, namely, 


log 2 Goa Ang] + AE” 
(Gye): 
(21) 


This is shown by measurements on the binary sys- 
tem, 
NaCl(1) /Shale/CaCl, + MgCl. 
shown in Table I and on the ternary system, 
NaCl(1)/Shale/NaCl(2) + CaCl, + MgCl, 
in Table 2. The agreement with Eq. 21 is indicated by 


*This conclusion is in general accord with estimates based on 
Helfferich’s?® biionic equation in which the ratio of mobilities of 
divalent to monovalent ions within a clay were taken from Mar- 
shall* and the activities of divalent and monovalent ions in the 
clay were taken from Thomas and Gaines*® for the specific system 
Montmorillonite — Cs+ and Sr++. 


TABLE 1 
Mixture 
CaCl2 + MgCle NaCl EY NEM 
N 08 N 02N + 8 mv +17 mv 
O5.N + 11 mv +20 mv 
1 — Imy +10 mv 
.025.N .0O5.N N +9.5 mv +18 mv 
+ 6mv +15 mv 
+ +10 my 
TABLE 2 
Mixture 
NaCl CaClo MgCle NaCl AE” AE™ 
07 N 02N Gime = = 
.02 N — .2 mv — 7 mv 
.07 N .01.N -02 N 1N — .5 mv — 4mv 
.02 N +1.0 my — 7 mv 
.05 N .O1.N .04.N 1N — .2 mv — 6mv 
02 N +2.2 mv — 7 mv 
N .04 N 1N .6 mv — 4mv 
.02.N — .5 mv —12 mv 
N .02.N .05 N — .8 mv 
02 N + .8 mv —13 mv 
.03 N N 1N —1.0 mv — 5mv 
.02 N — .5mv — 9mv 
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the value of AE”. For comparison, the value AE” of 


K log tN V amy] AE” 
ana 


is also given. Both equations, of course, reduce to Egs. 
10, 17, and 20 for simpler Systems, but Eq. 21 more 
accurately reproduces the experimental data for ternary 
mixtures and for binary mixture of Ca‘ and Mg*. 

Accordingly, for mixtures, the approximate equation 
for Ey, has been taken, 


Ey = K log (aie) s ul 
(@ya)1 


when the opposing solution is pure NaCl, and for the 
most general case, 


(23) 


(V Gea Any)» 


(V acu Amy): 
Further, in order to simplify interpretation procedures, 
the ratio of the activity terms has been expressed as 
equal to the ratio of the equivalent resistivities (resis- 
tivities of two pure NaCl solutions having activities re- 
spectively equivalent to those of the mixtures) and writ- 
ten (R,)./(R:).. 

The remaining part of the SP, that corresponding to 
the liquid junction potential E,, is difficult to evaluate 
since it is a junction between ions of different valences. 
For simplicity the junction potential was taken to be of 
the same form as Eq. 23 or 24 with a K of 12 at 75°F. 
The total SP is then expressed by the sum of Ey and E, 
which is of the same form as Eq. 23 or 24 with a K = 71 
at 75°F. Recommended field procedures for calculations 
from the SP on this basis were outlined in Part I. 


HIGH SALINITY SOLUTIONS 


In natural NaCl brines of R,, < .08 Qm at 75°F, the 
divalent ion concentration is relatively small compared 
to that of Na*. The divalent concentration may still be 
of the order of several 1,000 ppm, but at such high 
ionic strengths the contribution of \/a,, to the total ac- 
tivity is relatively small. (This is the region where 
Vaco is equal to or smaller than ay, on Fig. 12.) 
The effect of Ca** and Mg** will therefore be neglected 
in these cases, unless the amount of Ca** or Mg** is un- 
usually high (> 15 per cent). If the brine is con- 
sidered as pure NaCl only assumption (3), that the 
activity ratio in Eq. 2 can be replaced by the cor- 
responding resistivity ratio, need be questioned. Fig. 3 
showing that assumption (3) was not valid in the high 
concentration range was constructed from mean activity 
data at 25°C taken from the literature”. From these 
data, the single ion activities of Na* were computed by 
Eq. 25 proposed by G. Scatchard”, 


vac 
which reduces to the previous assumption, ay, = ae. = 
for dilute solutions. 


The ratio Ve is somewhat larger than | in the 
a 

range of very high concentrations (> 2 molal) and 

consequently ay," is slightly larger than a*yaci. The cor- 

responding resistivities were obtained by actual measure- 

ments using both a four-electrode cell and an induc- 

tion type conductivity meter. i 


VOL. 210, 1957 


1.0 
° 
oa 
oa 
5 
s | NaCl SOLUTIONS 
7. 
So, NG 
996 
©) Slo 
N 
02+ 
-O1 + xp ‘4 
‘Ve 
SATURATION 
005 
T T 
ldw 
J -2— activity 10 (gr-ion/1) 5 to 


Vic. 14—Activiry ys Resistivity ror Concentratep 
SoLutions at DIrFeRENT TEMPERATURES. 


Extension of these data to higher temperatures is 
shown in Fig. 14 constructed from actual resistivity 
measurements” and literature values of mean activities 
using Eq. 25. The variation of activity with temperature 
was taken into account (for over 200°F, by extra- 
polation from data at lower temperatures). The effect 
of pressure on the activity of NaCl is negligible in the 
range of oil well pressures. 

In the concentrated range, Fig. 7 was derived from 
Fig. 14 in the following manner. For a given activity 
value on the abscissa of Fig. 14, (R,,), was taken on 
the extrapolation of the curve from dilute NaCl solu- 
tions (such that (R,), = A/a, where A is the same 
constant as in the dilute range) and plotted against the 
true value of R,, for a solution of this activity read on 
the experimental curve. The procedure is indicated on 
Fig. 14. In this manner, the ratio R,,,;/(R,). obtained 
in SP calculations is numerically equal to the ratio 
a »/Am; and the corresponding true R,, is obtained 
graphically from Fig. 7. 

Wyllie’s recommended use of mean activities in Eq. 1 
for highly saline formation waters is perfectly satisfac- 
tory but it was desirable for uniformity to use single ion 
activities which were recommended for interpretation in 
fresh waters. 
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“The conductivity values determined experimentally at high tem- 
perature using an induction-type conductivity meter were found to 
be in very good agreement with the values calculated from the 
theory of H. Falkenhagen and M. Leist®?. Over 200°F, experimental 
values were from Ref.*. 
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DISCUSSION 


A. A. BROWN 


This paper is a valuable contribution to our under- 
standing of the self potential log. I would like, how- 
ever, to question two conclusions which the authors 
have drawn, namely: 

1. That “streaming potential” corrections in SP anal- 
ysis are usually corrections for presence of ions other 
than Na‘ and CI in formation waters. 

2. That clay-base muds can commonly be considered 
as NaCl solutions in quantitative SP analysis. 

Salty formation waters are more commonly associated 
with oil than fresh waters, because oil most commonly 
occurs in marine sediments. Therefore, in Many areas 
and for many formations the correction from R,, to “ef- 
fective R,,”, discussed in the subject paper, is seldom 
applied. If the drilling mud is considered to be an NaCl 
solution, any streaming potential correction which has 
been applied in the past in these areas will still be neces- 
sary. If the mud is not electrochemically a NaCl so- 
lution, it will be shown below that the disparity be- 
tween observed and calculated SP’s is increased so that 
there is an even greater need for an explanation of this 
discrepancy. 


The writer has studied 23 chemical analyses of mud 
filtrates from a variety of drilling muds. Of these, only 
two salt-saturated mud filtrates could be treated as 
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NaCl solutions in SP analysis; the remainder required 
correction for presence of other ions. Eight analyses 
were of fresh clay-base muds; for all of these the elec- 
trochemical activity was approximately twice as great 
as for a NaCl solution of the same resistivity. 


If the mud filtrate is not electrochemically a NaCl 
solution, an “effective R,,,” must be substituted for R,,, 
in SP calculations. The effect of this will be to increase 
the apparent “streaming potential”, streaming potential 
being defined as the part of the observed SP which can- 
not be accounted for by electrochemical theory. An 
example will illustrate this. Below is a chemical analysis 
of an Upper Cretaceous water from the Joffre field in 
Alberta, Canada; the sample is known to be uncontam- 
inated formation water: 


Na 1,604 

Ca 51. R,, measured = 1.04 Om @ 75° 
Mg 31 

SO, 176 Activity = .089 Gr-ion/1 
Cl 2,284 

HCO, 415.05 “eflechye Re ".8) Om @ 75° 


The well from which this water was recovered was 
drilled using clay-base mud. An analysis of the filtrate 
of this mud, from a sample collected immediately be- 
fore logging, was as follows: 
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Ga. 92 Rn; measured = 2.6 @ 75° 

Mg 20 

SO, 978 Activity = .071 Gr-ion/1 
Cl 218 

HCO, 1,120 “effective R,,,” = 1.0 Qm @ 75° 


If the mud was assumed to be an NaCl solution, an 
electrochemical potential of 35 mv would be anticipated 
Opposite this sand. When the activities of the mud fil- 
trate and formation water are considered, the theoretical 
electrochemical potential is about 5 my. The self po- 
tential recorded on the electrical log was 40 mv. It is 
convenient to consider as streaming potential the 35 mv 


which cannot be accounted for as electrochemical po- 
tential, until a better explanation of its origin is ad- 
vanced. 


This discussion is not intended to detract from the 
important contribution which has been made by Gon- 
douin, Tixier and Simard to our understanding of the 
nature of natural potentials which occur in a wellbore. 
However, their assumption that mud filtrate can be 
considered as a NaCl solution is not valid for all 
areas. In addition, this more complete explanation of 
electrochemical potentials in boreholes has not removed 
the need for an empirical “streaming potential” correc- 
tion. 


DISCUSSION 


E. R. ATKINS, JR. 
MEMBER AIME 


This paper shows how ions other than sodium and 
chloride affect the spontaneous potential. This is an 
area of SP interpretation too often avoided in the lit- 
erature and in practice. The normally used approxima- 
tion for the electrochemical potential (Eq. 2 of the 
paper) 

SP= —.71 log 
is shown to be in error, when applied to fresh forma- 
tion waters or muds. The problem is most noticeable 
when sodium and chloride ions are minor constituents 
in-the formation water or mud filtrate. A more precise 
expression for the electrochemical SP when magnesium 
and calcium are present, is suggested by the authors’ 
(Qva + V Aca + 

There are occasions in field application of Eq. 3 
when the ionic constituents of mud and water are 
unknown. Only particular assumptions regarding these 
constituents can be made if Eq. 3 is to be used for 


SP = — K log 


quantitative SP interpretation. In Part I, Section A of | 
this paper for a well in Kern County, Calif., the au- 


thors assume that the mud filtrate is composed of so- 
dium chloride solutions only. This assumption results 
in a modification to Eq. 3 called Eq. 4 in the paper. 
By using Eq. 4 a calculated SP of —37 mv is obtained. 
This compared favorably with the observed SP of 
—42 mv. 
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It is interesting to consider an alternate assumption 
and its effect onthe calculated SP. Suppose the mud 
filtrate were composed of the same water as that in 
the formation with enough sodium chloride added to 
account for the lower resistivity of the mud filtrate 
(Rn» = 4.5 ohm-m at 75°F). This is a reasonable as- 
sumption, because the formation water analysis given 
compares favorably with that of the water normally 
used to make mud in this vicinity. Although salts other 
than NaCl undoubtedly were added to this water in 
making the mud, the assumption that all the additives 
were NaCl is most easily handled by the methods of 
this paper. Through use of this assumption, the SP is 
calculated from Eq. 3 to be + 10 my. 

Thus, it seems the assumptions made in using Eq. 3 
have an important bearing upon the magnitude and 
sign of the calculated SP. Should an actual ionic analysis 
of the mud filtrate be available, a more rigorous appli- 
cation of Eq. 3 would be possible. It is believed that 
such an ionic analysis of the mud filtrate combined 
with Eq. 3 would yield a calculated SP closer to + 10 
mv than — 37 mv. This result is also verified by the 
method of Part I, Section B of the paper. 

From this, it seems that only Eq. 4 should be ap- 
plied to SP’s of formations having very fresh water. If 
Eq. 3 or the method of Part I, Section B were applied 
to SP’s opposite beds containing very fresh water, a 
term would have to be algebraically added to the calcu- 
lated SP to obtain the observed SP. 


AUTHORS’ REPLY to E. R. ATKINS, JR., and A. A. BROWN 


The comments of E. R. Atkins, Jr. and A. A. Brown 
are appreciated since they emphasize the difficulty of gen- 
eralizing the determination of (R,,). for fresh muds. 
Atkins pointed out that according to common practice 
the mud in the example of our paper from Kern County, 
Calif. (Part I, Section A) would have been made from 
formation water with enough sodium chloride added to 
lower the resistivity to the desired value. If this was the 
case, the divalent ions added by the formation water 
should not permit the mud filtrate to be treated as a pure 
sodium chloride solution and poor agreement between 
observed and calculated SP would obtain. Unfortun- 
ately, the chemical composition of the filtrate was not 
known to check the hypothesis. Brown presents a sim- 
ilar point, namely that the chemical composition of 
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clay-base mud filtrates should be related principally to 
the composition of the make-up water which in Western 
Canada is often brackish containing significant amounts 
of salt other than sodium chloride. Natural clays pro- 
duced by drilling bentonitic, near-surface shales are used, 
and commonly there is no chemical treatment. It is 
concluded on this basis that their clay-base muds should 
rarely be pure sodium chloride solutions and account 
must be made for the activity contribution of other 
than sodium ions. Significantly, when this was done as 
in the example from the Joffre field in Alberta, agree- 
ment with the observed SP was poor and some addi- 
tional source of potential had to be assumed. 

In answer to these arguments, let us consider first 
untreated muds made solely from local surface waters 


| Na 889 
| 
| 
| 
| 
| 


and clay with sodium chloride added to control resistiv- 
ity. It is doubtful in this case that the ion composition 
of the filtrate is simply that of the original water plus 
the sodium chloride added. The instant clay is added, 
ion exchange occurs between the make-up water and 
the clay which modifies the ion composition of the 
filtrate to an equilibrium composition determined by the 
adsorptive properties of the clay and all the exchange- 
able ions present both in the make-up water and the 
original clay. Because of the preferential adsorption by 
many clays of higher valence ions, Ca** and Mg* 
initially present in the make-up water may be largely 
removed and unavailable to contribute to the filtrate 
activity. Soluble impurity materials associated with the 
clays may further modify the filtrate composition. When 
sodium chloride is added in relatively large quantities, 
these effects will not be as noticeable as when the muds 
are very fresh. The point to be emphasized is that for 
fresh muds, the ion composition of the filtrate may be 
quite different from that of the make-up water. Correc- 
tion for divalent cations should be made but only on 
the basis of a chemical analysis of the filtrate. 

If “chemical treatment” is made on the mud such 
as the addition of thinners, even a conventional chem- 
ical analysis may not give the active concentration of 
divalent cations in the filtrate. The reason is that con- 
ventional analyses usually give total soluble calcium 
or magnesium of which a part may be complexed in 
non-ionic form by the chemical additives and unable 
to contribute to the ion activity. Phosphate’ and ligno- 
sulfonate additives, for example, readily complex cal- 
cium. For muds so treated analytical techniques which 
do not destroy the complexes are necessary to reveal 
the true ionic composition. Otherwise, recourse must 
be made to a direct measurement of activity using a 
Shale membrane and reference solutions of known 
activity. The latter is in many respects the quickest and 
most satisfactory way of obtaining (R»n,).. 

Fortunately, this difficulty does not usually arise with 
gyp base muds because it is not customary to use com- 
plexing additives’. This explains why the (Rns). Cal- 
culated for these muds from chemical analysis leads to 
correct predictions from the SP. 

In summary, we readily admit that fresh muds may 
not always be considered as sodium chloride and that 
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consideration has to be given in each locality to the type 
of mud used. However, we believe that many mud 
types will exhibit NaCl behavior in spite of their 
apparent complexity. Definite exceptions are the gyp- 
base and calcium chloride muds. Variable exceptions 
are fresh muds particularly those over 3Qm (75°F). 
High pH caustic-quebracho muds may exhibit a lower 
sodium activity than NaCl for a given R,,, because of 
the relatively higher conductivity of caustic soda. 
Further definition of mud activities is being made by 
studies both in Ridgefield and through a grant at the 
University of Houston. The many factors controlling 
the value of activity and the highly complex nature of 
field muds make it apparent that there will be excep- 
tions to generalized rules. More satisfactory than gen- 
eralizations would be direct measurements of mud 
activity at the wall if a simple technique can be 
developed. This possibility is also being studied. 

Concerning the accounting for other than electro- 
chemical contributions to the SP, our recommendation 
is in every case to make all possible corrections in cal- 
culating the electrochemical potential. Residuals will 
be minimized and a more accurate evaluation of R,, 
more often obtained. It is suggested that other sources 
of potential actually be checked whenever they are 
indicated by log analysis. For streaming potentials, a 
common check is to pressurize the well and to look 
for non-transitory increase in potential opposite per- 
meable sands relative to the shale base line. Conductive 
ore bodies such as pyrites may also affect the potential. 
In most of the cases which we have treated, the SP 
was given by the electrochemical equations within the 
limits of field accuracy, which suggests that streaming 
potentials or additional emf sources may not be as 
common as sometimes assumed. Also, recent experi- 
mental results indicate’ that streaming potentials can 
occur in shales which would cancel, at least in part, 
the streaming potential opposite permeable sands. 
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Buckling of Tubing in Pumping Wells, Its Effects and 
Means for Controlling It 


ABSTRACT 


It is explained why the bottom 
portion of freely suspended tubing 
in @ pumping well buckles and 
straightens in succession during the 
pumping cycle. Field evidence of re- 
sulting rod-on-tubing wear, excessive 
polished rod load, and excessive 
horsepower are given. The possibility 
that buckling hastens pump wear is 
strongly suggested. Means for either 
prevention of buckling or for mini- 
mizing its effects are explained, their 
relative merits compared, and field 
results of their use given. These 
means are: tension anchors, tail pipe, 
sucker rod guides, and corrosion in- 
hibitors. Charts and formulas for best 
use of tension anchors, tail pipe, and 
guides are given. Use of tension an- 
chors, or compression anchors with 
a heavy tail pipe, prevents both buck- 
ling and breathing, thus improving 
volumetric efficiency. Without tail 
pipe, buckling above compression an- 
chors precludes such improvement. 


Original manuscript received in Society of 
Petroleum Engineers office on Sept. 15, 1956. 
Revised manuscript received Jan. 24, 1957. 
Paper presented at Petroleum Branch Fall 
Meeting in Los Angeles, Oet. 14-17, 1956. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 
cussion offered after Dec. 31, 1957, should be 
in the form of a new paper. 
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INTRODUCTION 


It is well known that a column 
must be subjected to some compres- 
sion in order to buckle; and also that 
a structural member does not buckle 
if subjected to a tension. When con- 
sideration is given to a tubular col- 
umn, the question may be asked, 
“How is the buckling phenomenon 
affected by inside or outside pres- 
sure?” At first, it seemingly should 
not be affected. However, this is not 
so. In order to arrive at a correct de- 
duction one should first understand 
the basic reasons for buckling of a 
column under loading*. Then he 
should add to the effect of that load- 
ing the effect of pressure. Follow- 
ing this procedure, one may discover 
quite unexpected phenomena. In 
some cases, when subjected to more 
pressure inside than outside, a pipe 
may buckle under tension. In other 
cases, a pipe may remain straight, 
although subjected to a very large 
compression. 


In 1950 and 1951 it was explained 
why the bottom portion of a string 
of pipe freely suspended in a well 
does not buckle even when subjected 
to a large compression due to buoy- 
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-ancy.”* It was shown that the com- 


monly used concept of a neutral 
point, as being a point in the string 
with neither compression nor tension, 
is inadequate, and a more relevant 
definition of the neutral point was in- 
troduced. The findings were also gen- 
eralized to cases of different pres- 
sures inside and outside a pipe.” 
Later, in a further generalization, al- 
lowance was made for variations of 
stress and pressure with depth. The 
findings were applied to the new tech- 
nique of hydrostatic high pressure 
testing of lengths of pipe in the 
mill.’ 

In 1952 it was observed that pre- 
vious theoretical findings apply to 
tubing in pumping wells. The lower 
part of freely suspended tubing 
buckles during the upstroke portion 
of the pumping cycle. Later, it was 
ascertained that this phenomenon is 
responsible for wear and malfunc- 
tioning of the equipment. Various 
remedial measures were devised and 
successful field trials conducted. 
Only brief mentions on the subject 
have been published.’ 

In this paper, the phenomenon of 
tubing buckling is explained, field 


*Using, for instance, Ref. 1. 


“References given at end of paper. 
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evidence is reported, various preven- 
tive measures are analyzed and their 
respective merits compared. The au- 
thors believe that presentation of this 
paper will be useful to the industry 
for the following reasons: 


1. Perhaps few people are aware 
today that tubing buckles in pumping 
wells. The use of adequate preven- 
tive means is rare. 


2. Frequently preventive means 
are used improperly. The correct 
amount of tubing pickup for tension 
anchor installation is not known and 
spacing for sucker rod guides is gen- 
erally guessed. Information for bet- 
ter use of anchors and rod guides is 
given in this paper. 

3. The choice of preventive means 
may often be made without full 
knowledge of their respective merits. 


Through analytical means, the 
phenomenon of tubing buckling in 
pumping wells has been investigated 
and quantitative relationships have 
been developed to permit design of 
corrective means. 


Through field observations both 
the detrimental effects of buckling 
and the improvements due to use of 
corrective means have been estab- 
lished. Results are included in each 
item as discussed. 


DISCUSSION AND RESULTS 


BUCKLING OF FREELY SUSPENDED 
TUBING IN A PUMPING WELL 

Consider a pipe lying on the 
ground terminated by pistons, as 
shown in Fig. 1. Pressure is applied 
inside the pipe. Pistons are connected 
by a rod in order to prevent their 
being expelled by pressure. 


It is proven in the Appendix that 
pressure inside the pipe terminated 
by pistons exerts a buckling effect 
on the pipe. Furthermore, this buck- 
ling is the same as if the pipe, in- 
stead of being subjected to internal 
pressure, were subjected to a column 
load f, as shown in Fig. 2. Although 
this column load actually does not 
exist, it is introduced as a device to 
permit easy calculation of the buck- 


Q 


PRESSURE 
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Fic. 1—Pire Piston Crosep, 
Supsect ro INTERNAL PRESSURE. 
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Fic. 2—Buckiinc Errect or INTERNAL 
PRESSURE. 


ling effect of internal pressure. For 
this reason, this column load will be 
referred to as “fictitious.” As shown 
in the Appendix, its magnitude is 
equal to pressure times piston area. 

If the pressure is large enough, the 
pipe will buckle. It is interesting to 
note that it buckles, although sub- 
jected to actual tension due to pres- 
sure acting on the annular area 
marked AB in Fig. 1. 


Consider now a pumping well as 
shown diagrammatically in Figs. 3U 
and 3D. During pump upstroke (Fig. 
3U), the standing valve is open and 
the traveling valve is closed. This 
means that the plunger acts in the 
same way as the pistons of Fig. 1. 
Therefore, if the pressure is large 
enough, the tubing will buckle as if 
subjected to an upward fictitious col- 
umn load or buckling force, f, shown 
in Fig. 4. and equal to: 

in which a is plunger cross-section 
area, and Ap: is the pressure differ- 
ential across the plunger. 

During pump downstroke (Fig. 
3D), the traveling valve opens and 
the standing valve closes. Thus the 
tubing no longer acts as if terminated 
by a piston, and straightens. 

It is evident that there is a simi- 
larity between a drilling string and 
the tubing string of Fig. 3U. Just 
as the tubing of Fig. 3U buckles as 


Fic. 3U BucKLING oF 
purtnc Pump Upstrokr. 
Fic. 3D (ricHt)—Tupinc SrrAIcHTENS 
DURING Pump DowwnstTROKe. 


Fic. 4—Buckiine Errect oF PRESSURE 
In TUBING. 


if subjected to a fictitious column 
load, a drilling string buckles under 
the influence of an actual upward 
column loading, commonly called 
“weight on bit.” Both strings are 
buckled below the neutral point and 
essentially straight above it.* But the 
neutral point should not be con- 
strued as the point where there is 
neither longitudinal compression nor 
tension. This confusing subject has 
been largely covered in the liter- 
ature.””* For the purpose pursued in 
this paper, the neutral point may be 
considered as that point in the string 
below which it buckles. In a drilling 
string, the location of the neutral 
point is obtained from the fact that 
the weight in fluid of the portion of 
the string below the neutral point is 
equal to the weight on bit.” 


In other words, 


(2) 


in which n is the distance to the neu- 
tral point, w is the weight on bit, 
and q is the weight per foot in fluid 
of drill collars. Eq. 2 holds true only 
if a sufficient length of drill collars 
is carried, i.e., if the neutral point is 
in the drill collars. 

If w is replaced by the fictitious 
force, f, and if q is taken as tubing 
weight per foot in fluid, Eq. 2 may 
be applied to a tubing string. How- 
ever, for tubing, the equation holds 
true only if the working fluid level 
is sufficiently high, i.e., if the neutral 


*Actually a string of drill collars buckles 
helically up to the neutral point in a vertical 
hole and does not in a slightly inclined hole. 
The criterion which led to this conclusion is 
given in Ref. 8. Application of this criterion 
to buckling of tubing leads, however, to the 
conclusion that tubing buckles helically even 
in inclined wells. 
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point is below the working level. The 
tubing weight per foot in fluid may 
also be written as follows: 

in which q, is the tubing weight per 
foot in air, w, is the weight per foot 
of fluid inside, and w, is the weight 
of outside fluid displaced, per foot. 
Eq. 2 may easily be modified to ap- 
ply to another simple case; namely, 
where the working fluid level is at 
the pump. In this case, there is no 
fluid outside, so that w, is Zero, and 
Eq. 3 may be written: 

in which § is the fluid gradient in- 
side in psi/ft, and a; is the ID cross- 
section area of the tubing in sq in. 


The situation is more complicated 
when the fluid level is between the 
pump and neutral point. However, 
for practical purposes, it is sufficient 
to choose some average value of q. 

Consider the following example: 
a = 2.4 sq in. (1% in. plunger) 

Ap = 2,500 psi (working fluid 

level 5,000 ft, gradient 0.5 
psi/ft, i.e., fluid specific 
gravity 1.154) 

pump depth = 6,000 ft 
Assuming, tentatively, that the’ fluid 
level is above the neutral point, 

q = 5.545 lb/ft (wt/ft in air of 
2'42-in, tubing, i.e. 6.5 1b/ft 
multiplied by 0.853, which is 
the buoyancy factor for 1.154 
specific gravity) 

Substitution of these values into 
Eqs. 1 and 2 gives 


Fictitious force . f = 6,000 1b 
Distance pump to 
neutral point n = 1,082 ft 


From the conditions of the example 
the distance of pump to fluid level = 
6,000-5,000 = 1,000 ft. 

This means that the working fluid 
level is between the pump and the 
neutral point, but is close enough to 
the neutral point for the above de- 
termination of distance to the neu- 
tral point to be sufficiently close. 

The fictitious buckling force must 
exceed some critical value in order 
to buckle the tubing. This critical 
value may be determined by exactly 
' the same means as the critical value 
of the weight on bit in a drilling 
string.* Comparison of actual values 
of critical force, thus obtained, with 
the fictitious force as given by Eq. 1, 
has shown that the force is large 
enough to buckle the tubing in all 
wells except those with a very high 
working fluid level, where the pump 


*Ref. 2, p. 179, replacing the string weight 
p with the corrected tubing weight g, as 
given by Eq. 3. 
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is subjected only to a small pressure 
differential. In low working fluid 
level wells, where the pressure dif- 
ferential in the pump is large, the 
fictitious force, f, is much greater 
than the critical force, and thus 
buckling is of a high order. There- 
fore, the tubing buckles into a helix 
which contacts the rod string over its 
entire length below the neutral point. 


It is to be remembered that buck- 
ling occurs during pump upstroke, 
while the weight of the column of liq- 
uid in the tubing rests on the plunger; 
therefore, the rod string is under 
great tension and remains essentially 
straight in spite of the forces exerted 
upon it by the helically buckled tub- 
ing. As the sucker rods move upward, 
there is friction between them and 
the helically buckled tubing. More- 
over, since, on upstroke, the tubing is 
buckled while the rod string is 
straight, there is a tendency to cock 
the plunger in the pump barrel, as 
shown in Fig. 3U. Based upon the 
foregoing, the following speculations 
have been put forth regarding the 
detrimental effects of buckling: 


1. Friction between the rod string 
and the tubing could result in sucker- 
rod-on-tubing wear below the neutral 
point. 

2. This friction could also increase 
polished rod load and horsepower. 

3. Cocking of the plunger in the 
barrel could hasten pump wear. 

Fig. 5 is a photograph of a model 
which was built to demonstrate the 
successive buckling and straightening 
in freely suspended tubing in a pump- 
ing well. The operation of the model 
clearly illustrates the manner in which 
the tubing coils around the sucker 
rods. 

It is probable that during pump 
downstroke, while the tubing is 


straight, the lower portion of the rod 


string buckles. The effects of such 
buckling are negligible compared to 
the effects of tubing buckling. This 
will become apparent further in this 
paper from the fact that means which 
prevent the tubing from buckling, but 
still permit the sucker rods to buckle, 
entirely remove the detrimental effect 
of buckling. 


FIELD EVIDENCE OF THE 
DETRIMENTAL EFFECTS OF 
TUBING BUCKLING 

Some years ago, four wells, lo- 
cated in widely scattered areas, were 
plagued by rod-on-tubing wear which 
necessitated tubing pulling jobs every 
other week. These wells were inclined 
5 to 10° and field personnel first at- 


tributed the trouble to crooked hole 
conditions. The then common belief 
that hole deviation from vertical could 
cause severe wear is not correct. This 
is borne out by surveys conducted in 
a large number of highly inclined Cal- 
ifornia wells’ which indicated that the 
production cost in these wells was 
either equivalent to that in so-called 
straight holes or, at most, 10 per cent 
higher. Thus the inclination of 5 to 
10° in the above four wells should not 
have affected pumping problems at 
all. In addition, directional surveys 
run in these wells showed that there 
were no dog-legs which would explain 
the difficulties. In one of the wells the 
pump was moved a few hundred feet, 
after which the zone of fast wear 
moved by the same amount. This con- 
firms that the trouble was not due to 
crooked hole conditions. 


Fic. 5—Tusinc Buckiinc Monet. 


| 
| 
| 
| 
| 
| 
| 
| 
| 
i] 
} 
| 
} 
b 
i 


That wear occurred only near the 
pump suggested that tubing buckling 
caused the trouble. Data and calcu- 
lated distances to the neutral point for 
the four wells are summarized in 
Table 1. The correlation between the 
distance from pump to neutral point 
and the zone of fast wear is very satis- 
factory. A more perfect correlation 
could hardly be expected, not only 
because several factors were only esti- 
mated, but also because the calcula- 
tions pertain to static conditions. As a 
matter of fact, the satisfactory corre- 
lation indicates that the phenomenon 
of static buckling investigated here is 
not substantially disturbed by the 
motion. 

Later, a survey was made in a 
North Louisiana field. In a two-year 
period, 122 tubing leaks were de- 
tected. Almost all of them were due 
to rod-on-tubing wear and the great 
majority of them (83 per cent) oc- 
curred in the bottom 400 ft of the 
string. 

Eastman’ reports a similar conclu- 
sion reached from the above men- 
tioned survey of several hundred di- 
rectionally drilled wells in California. 
His wording is as follows: “Most of 
the wear on tubing and sucker rods 
has been found to occur between the 
pump and about 20 joints up from the 
pump.” Fig. 6, taken from the East- 
man paper, shows a typical example 
of sucker rod wear. Eastman wrote 
that this wear probably occurred in a 
dog-leg. It is thought that it was due, 
rather, to buckling of tubing. 

Freely suspended tubing buckles in 
the great majority of pumping wells. 
One might wonder, therefore, why re- 
sulting failures are not equally fre- 
quent in tubings subjected to about 
the same buckling conditions. That 
failures are not equally frequent is 
most likely due to different friction 
and corrosion conditions. In the pres- 
ence of good lubrication, wear is min- 
imized. And in presence of corrosion, 
sand, etc., wear is fast. Friction, more- 
over, continuously removes scale and 
other corrosion products, thus accel- 
erating the corrosion process. The 
authors do not know of any case of 
serious mechanical trouble due to 
buckling in wells where corrosion is 
controlled with inhibitors”, most 
likely because, in the presence of an 
inhibitor, the coefficient of friction 
is small. 


Thus, the first speculation men- 
tioned in the preceding section, and 
which pertained to rod-on-tubing 
wear due to tubing buckling, has been 
definitely confirmed by field evidence. 
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TABLE 1 


Location Wyoming Louisiana Gulf Coast 
Pump Setting Depth Feet 2694 2308 1650 4020 
Liquid Specific Gravity (Estimated) 0.88 0.8 0.8 1.0 
2500 
Pumping Level in Casing (Estimated) At Pump At pump At pump feet from 
surface 
Calculated Distance from Pump Setting Feet 
Depth to Neutral Point oe 
Assuming 134-in. Plunger 4l4 354 234 637 
Assuming 11/2-in. Plunger 304 260 172 467 
(Actual plunger size was not known) 
_Feet 
Portion of Tubing Reported as Above. a Bays 283 350 320 
Subjected to a Fast Wear Te 


There is also some field evidence in 
support of the second speculation, 
namely, that friction due to buckling 
increases polished rod load and horse- 
power. Use of a means for preventing 
buckling (tension anchors, discussed 
further in this paper) has resulted in 
both a decrease of load, which com- 
pletely eliminated weekly rod failures, 
and a decrease of power for the same 
stroke, but an even greater number of 
strokes per minute. 

On the other hand, very limited 
field evidence has been gathered, so 
far, regarding the speculation that 
cocking of the plunger hastens pump 
wear. One pump manufacturing and 
servicing company estimates that 70 
per cent of all pump failures are due 
to plunger or barrel wear which could 
be mainly due to tubing buckling. 
Other observers report no such wear. 
Field observations concerning the na- 
ture of pump wear are conflicting, 
which might be due to differences in 
pumping conditions in various fields. 
In view of this, the significance of the 
speculation concerning pump wear 
cannot be evaluated without further 
field evidence. 


TENSION ANCHORS 


Among the means which either pre- 
vent buckling or minimize its detri- 
mental effects, there are anchors, tail 
pipe, sucker rod guides, and corrosion 
inhibitors. Discussion of the respec- 
tive merits of these means and tech- 
niques for proper use of some of them 
will be presented later in this paper. 

During pump downstroke, the en- 
tire fluid load is carried by the tubing. 


On the other hand, during upstroke, 
part of this load is transferred to the 
pump plunger and the rod string, and 
therefore the tubing shortens. This re- 
peated shortening and lengthening is 
commonly called “tubing breathing.” 

It is proven in the Appendix that in 
order to prevent buckling during up- 
stroke, the tubing must be permitted 
to elongate freely on downstroke, but 
prevented from shortening during up- 
stroke. In other words, the tubing 
must be caught by anchoring it at its 
most elongated position. This can be 
seen clearly in experiments made with 
the model shown in Fig. 5. Buckling is 
stopped by catching in a clamp the 
lower end of the tubing at the lower- 
most position reached during the 
breathing cycle. 

A tubing anchor which permits the 
tubing to elongate, but prevents short- 
ening, is called a tension anchor, in 
opposition to a compression or hook- 
wall anchor, which permits shorten- 
ing but not elongation. 

Any tubing catcher, run upside 
down, could perform as a tension an- 
chor. The actual tool, however, must 
be provided with one or more safe 
and reliable retrieving devices. A few 
hundred of such tools are presently in 
Operation. 

Since a tension anchor permits 
elongation, one method of installation 
could be to set the anchor as soon as 
the tubing has been run. After pump- 
ing starts and as the tubing fills up, 
the anchor would, on downstroke, 
permit progressive elongation, due to 
progressively increasing fluid load 
and temperature; but it would prevent 
shortening on each upstroke. Thus, 
the anchor would eventually work its 
way down and fix the tubing in its 
most elongated position. 


Objections have been raised to per- 
mitting an anchor to “walk” down as 
described above. These are: (a) dur- 
ing the slow progressive descent of the 
anchor, rust and scale might fill the 
teeth of the slips, thus making them 
inoperative; (b) in present designs, 
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upward motion of the anchor is not 
entirely eliminated in that a slight up- 
ward travel is necessary for the teeth 
of the slips to engage the casing. Re- 
peated upward motion of the slips on 
upstroke might eventually damage the 
casing. 

Instead of permitting the anchor to 
work progressively downward, an- 
other manner of installation is to set 
the anchor and then pick up the tub- 
ing at the surface. Formulas and 
charts for determination of the re- 
quired amount of pickup are pre- 
sented further in this paper. 

The necessity for determining the 
correct amount of pickup and for 
performing the pickup operation is an 
inconvenience. In view of the obvious 
advantages of installation without 
resorting to the pickup operation, 
anchors have recently been developed 
which are designed to avoid the diffi- 
culties of both scale accumulation in 
the slips and casing damage, and 
which seek the lowest level auto- 
matically. 

The useful effects of using tension 
anchors, as opposed to freely suspend- 
ing the tubing, were strikingly dem- 
onstrated by experiments carried out 
in two Oklahoma wells. In those 
wells, prior to the installation of an- 
chors, the problems of tubing leaks 
and of rod and tubing failures were 
constantly encountered. After the an- 
chors had been in service for a year, 
the conclusion was reached that ten- 
sion anchors successfully overcame 
these difficulties. In addition, their use 
resulted, for the same pumping condi- 
tions, in greater production for less 
horsepower spent. 


This increase in production can be 
attributed to the two following effects: 
First, prevention of breathing in- 
creases the volumetric efficiency of 
the pump. And second, elimination of 
buckling reduces rod-on-tubing fric- 
tion. Thus increase in production and 
pumping efficiency are further defi- 
nite advantages of tension anchors. In 
the past, attempts have been made to 
improve pump volumetric efficiency 
by preventing breathing with com- 
pression anchors, but expected bene- 
ficial results did not materialize for 
reasons which will be explained fur- 
ther in this paper. 
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In addition, some people claim that 
the occurrence of leaks in tubing cou- 
plings is greatly reduced by use of 
tension anchors. While tension an- 
chors have the advantages discussed 
above, their use involves the hazard 
of difficulty in retrieving. In order to 
avoid these difficulties, some manu- 
facturers build anchors with a double 
retrieving mechanism. If the primary 
retrieving mechanism fails, then a 
feature, such as shearing of a member 
of a predetermined strength, still per- 
mits pulling the-anchor out of the 
hole. To the best knowledge of the 
authors, it has always been possible 
to retrieve such anchors. 


In some cases, the added tension, 
due to the amount of pickup given by 
the chart, could endanger the string. 
It might seem that the difficulty could 
be avoided by picking up by some 
lesser amount and then letting the 
anchor “walk” down to make the 
remaining adjustment. However, if 
the well is later shut down with the 
tubing anchored in the most extended 
position, added tension will result 
when fluid drains from the tubing and 
the string cools. This added tension 
subjects the tubing to the same tension 
which would have occurred had the 
tubing been originally picked up by 
the amount indicated in the charts. 
This means that if the charts indicate 
a pickup which might endanger the 
tubing, a tension anchor should not 
be used. 


The above limitation of tension an- 
chors suggests the need for develop- 
ment of a different type of anchor, 
which could be designated as a “posi- 
tive-action anchor.” After setting, 
such an anchor would be definitely 
attached to the casing and would pre- 
vent both upward and downward 
motion. With a positive action anchor 
it would be possible, if necessary, to 
pick up the tubing by a lesser amount 
than indicated by the charts. Although 
picking up by Jess than the indicated 
amount would not eliminate buck- 
ling, it would lessen its detrimental 
effects. 

There is another class of anchor 
which is not provided with slips, and 
in which contact with the casing is 


made by a member that is essentially 
a friction member. Friction anchors 
now on the market are hydraulically 
operated. Pressure inside the tubing 
acts on a few horizontal cylinders 
which actuate members that contact 
the casing. 


A manufacturer of friction anchors 
says the friction, while it stops breath- 
ing, is not strong enough to com- 
pletely prevent the progressive down- 
ward motion; thus the tool jerks 
somewhat downward after pumping is 
Started and the temperature increases. 
This means that this anchor does not 
keep the tubing at its most extended 
position, but at some level interme- 
diate between the upper and lower 
breathing positions. In spite of this, it 
is to be expected that such an anchor 
should tend to minimize the effects of 
buckling. Beneficial results from the 
use of friction anchors have been re- 


—~ported. In each of three wells in a 


North Louisiana field, rod-on-tubing 
wear failures occurred about twice a 
year. One year after installation of 
friction-type anchors in these wells, 
no failures have occurred. While these 
anchors seem to operate successfully, 
use of the tension anchors previously 
described might bring further jm- 
provement by an amount difficult to 
evaluate. 


It has been further reported that 
the effectiveness of friction anchors 
has been improved by lowering the 
weight of the rods on the pump and 
thus forcing the anchor down farther. 
Perhaps operation of friction anchors 
could also, in some cases, be improved 
by picking up the tubing at the surface. 


TUBING PICKUP FOR 
TENSION ANCHORS 


The amount of necessary tubing 
pickup is given by the two following 
expressions, which are derived in the 
Appendix: 


AT = a,6 


| 

| 

i} 

| 

| 

= 


in Which 
AT is the pickup in pounds 
AL is the pickup in feet 


Eis Young’s modulus of steel; 
E = psi 


Vv is Poisson’s ratio of steel; vy = 
0.3 


5 is the fluid gradient in psi/ft 


a, is the tubing cross-sectional 
area corresponding to the 
OD; a, is in sq in. 


a, is the tubing wall cross-sec- 
tional area in sq in. 


D is the tubing OD in inches 
d___is the tubing ID in inches 


Lis the depth of the pump in 
feet 


L’ is the depth of the anchor in 
feet 


X, is the fluid level in feet at the 
time the anchor is set 


X, is the working fluid level in 
feet 


p. is the gas pressure in casing 
when pumping; p, is in psi 
a is the coefficient of thermal 


expansion of steel; Ea = 
207 psi/1°F 


At is the temperature of the 
pumped fluid at the surface 
minus the mean yearly tem- 
perature. The mean yearly 
temperature is about 60°F 
in the Mid-Continent and 
70°F in the Gulf Coast. 


Chart 1 (2-in. tubing) and Chart 2 
(2Y%-in. tubing) are graphical repre- 
sentations of Eqs. 5 and 6. The charts 
make no allowance for casing gas 
pressure, the effect of which is small. 
In other words, the term containing 
p. in Eq. 5 is disregarded. 


The construction of the charts is 
explained in the Appendix. The use of 
the charts is illustrated in Chart 3, 
which shows the solutions of the fol- 
lowing numerical example. 


Tubing size ZY 2 
Pump depth 6,000 ft 
Working fluid level 5,000 ft 


Fluid level at the time the 


anchor is set 4,000 ft 


Gradient (corresponding 
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to a fluid of specific 


gravity 1.154) 0.5 psi/ft 
Tubing temperature at 

the surface when 

pumping 100°F 
Mean yearly tempera- 

ture (Mid-Continent) 60°F 
At = 100 - 60 = 40°F 
Anchor depth 6,500 ft 


To solve the problem, proceed as 
follows on Chart 2: 


Locate point A (pump depth 6,000 
ft, working fluid level 5,000 ft) 


Locate line BB (fluid level at the 
time anchor is set 4,000 ft) 


Vertical line through A intersects 
line BB at C 


Slanting line through C intersects 
reference line at D 


Vertical line through D intersects 
line for a gradient of 0.50 psi/ft 
at E 


Horizontal line through E inter- 
sects reference line at F 


Vertical line through F intersects 
the line At = 40°F atG 


Draw horizontal line GH 


Locate line II (anchor depth 6,500 
ft) 


Line II intersects line GH at J 
Read at H: pickup equal 16,100 Ib 
Read at J: pickup equal 23 in. 


The pickup in inches given by Eq. 6 
or by the charts is the effective pick- 
up. One should add to it the pickup 
needed for the expansion of the an- 
chor, which varies from make to 
make. 


The fluid level in the well at the 
time the anchor is set is generally not 
known exactly. In such an event, this 
level should be estimated, assuming it 
too high rather than too low, so as to 
obtain a value of calculated pickup 
somewhat too large rather than too 
small. 


The working fluid level goes down 
with the life of the well. It might 
therefore be best to use in calculations 
not the present but some future work- 
ing fluid level. This leads to some- 
what larger values of pickup. 


As tubing is picked up, friction be- 
tween the tubing and the casing may 
develop. Thus actual pickup in pounds 
required for a given pickup in inches 
may exceed the pickup in pounds as 


predicted by the charts. Pumping vi- 
brations decrease friction and thus 
also any extra tension due to friction. 
Therefore, if the pickup is made by 
inches, the desired condition will be 
reached. 


It might be thought that the extra 
tension due to friction could result in 
too much load on the tubing and on 
the anchor. Actually, the extra ten- 
sion is not applied to the anchor. It 
is, however, added to the tubing load 
at the surface and might therefore 
decrease the amount of pickup which 
can be used. 


TAIL PIPE 


It has been explained previously 
that freely suspended tubing buckles 
on upstroke as if it were subjected to 
a fictitious column load, f, given by 
Eq. 1. Therefore, the buckling effect 
of pressure during upstroke might be 
counterbalanced by the straightening 
effect of the weight of tail pipe below 
the pump. It is proven in the Appen- 
dix that it is the weight of tail pipe in 
fluid which must be equal to f. 


Consider, for instance, the numer- 
ical example given in this paper below 
Eq. 4. The fictitious force was f = 
6,000 lb, and the weight of tubing in 
fluid was gq = 5.545 lb/ft. Thus the 
necessary length of tail pipe is 6,000/ 
5.545 = 1,082 ft. 


However, if the hole were not deep 
enough to accommodate a tail pipe of 
sufficient length to control buckling, 
or if for any other reason a long tail 
pipe were not deemed desirable, then 
one could suspend below the pump a 
short string of heavy-walled pipe sim- 
ilar to drill collars. The high quality 
steel used for drill collars would, how- 
ever, not be needed for tubing heavy 
tail pipe. On the other hand, old and 
worn drill collars, if available, could 
be used. In the above example, one 
could, for instance, use 120 ft of 514 
in. OD, 2% in. ID drill collars. 


The advantage of tail pipe, com- 
pared to the use of tension anchors, is 
the safety in retrieving the string. On 
the other hand, the disadvantage is 
that breathing, which decreases pump 
efficiency, is not prevented. 


One could also use a string of 
heavy, drill-collar-like pipe suspended 
not below the pump, but located 
above the pump. This would not en- 
tirely stop the buckling, but would 
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minimize it and would confine it to a 
short zone above the pump. Gen- 
erally, however, suspending a tail pipe 
below the pump seems to be more 
attractive. 


If the weight of the tail Pipe is not 
enough to prevent buckling, its use 
will nevertheless minimize the detri. 
mental effects of buckling. 


If a tension anchor is placed on a 
string with no tail pipe, then picking 
up the tubing by the amount given 
by the charts results in a tension which 
is just that needed to prevent buck- 
ling. On the other hand, if the tension 
anchor is placed on a string with tail 
pipe, then picking up the tubing by 
the same amount results in a tension 


which is more than necessary to pre- 
vent buckling. One might therefore 
think that picking up by a smaller 
amount could be advisable. However, 
this is not so; as already explained, in 
presence of a tension anchor, the ten- 
sion which the tubing will carry does 
not depend upon pickup. This is be- 
cause the tension anchor automat- 
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ically will “walk” down by an amount 
equal to the difference between the 
amount given by charts and the actual 
amount. 


The above statement would not, 
however, hold true for a positive- 
action anchor, for which the pickup 
given by charts could safely be de- 
creased by the weight in fluid of the 


tail pipe. By doing so, the weight of 
the tail pipe would be suspended 
from the anchor. 


COMPRESSION ANCHORS 


Fig. 7A represents diagrammati- 
cally freely suspended tubing before 
the pump is set. Fig. 7B shows the 
same tubing during upstroke. Between 


the conditions of Fig. 7A and 7B, 
the tubing shortens due to decrease 
of outside pressure and increase of 
pressure inside. 


A compression or hookwall anchor 
is understood to be one which permits 
the tubing to move upward freely but 
prevents downward motion. In Fig. 
7B the downstroke position is shown 
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by dashed lines. It is apparent from 
this figure that if a compression an- 
chor is set before pumping starts 
(Fig. 7A), the anchor will never per- 
mit the tubing to reach its lowermost 
breathing position, as would a tension 
anchor. Thus, during pump upstroke, 
the situation with a compression an- 
chor, shown in Fig. 8U, is similar to 
that for freely suspended tubing, 
shown in Fig. 3U. The lower portion 


of the tubing buckles helically, but its 
deflection is stopped by the sucker rod 
string, which, being under great ten- 
sion, remains essentially straight. 


On the other hand, during the 
downstroke, the tubing cannot elon- 
gate as would a freely suspended 
string, and the tubing remains buck- 
led. Moreover, since, on the down- 
stroke, the sucker rods are no longer 
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under great tension, buckling is lim- 
ited by the casing and not by the 
straightened sucker rods. This situa- 
tion is drawn in Fig. 8D, which also 
shows that the sucker rod string is 
bent by the buckled tubing. 


The fact that the tubing may be 
bent more during pump downstroke 
(Fig. 8D) than during upstroke (Fig. 
8U) may result in fatigue and cause 
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Fic. 7A (LeEFT)—TUBING BEFORE 
Pump 1s SEt. 


Fic. 7B (ricHT)—TuBING DURING 
PuMPING. 


frequent tubing bending failures in 


the first engaged thread, as reported 
further in this paper in a letter re- 
ceived from Cities Service Oil Co. The 
situation may be aggravated by a 
large size casing and/or corrosive 
conditions and/or excessive setting 
slack-off. 


Furthermore, the fact that sucker 
rods move inside a helically buckled 
tubing, both upward and downward, 
must result in a decrease of pumping 
efficiency. This decrease might very 
well overshadow the expected bene- 
ficial effect of the compression anchor 
as a means for prevention of tubing 
breathing. This is undoubtedly the 
reason why the beneficial effect rarely 
materialized. 

It has been explained that sufficient 
tail pipe will prevent buckling but not 
breathing. On the other hand, without 
tail pipe, a compression anchor will 
prevent breathing but not buckling. 
By using both tail pipe and a com- 
pression anchor, both buckling and 
breathing may be avoided. 

With a compression anchor at the 
pump, the required weight of tail pipe 
is greater than that for freely sus- 
pended tubing. This arises from the 
need for subjecting the tubing to 
more tension at anchor setting time to 
avoid future thermal buckling when 
the tubing is heated by hot formation 
crude. 


The required weight in fluid W, of 
the tail pipe is given by the following 
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equation which is discussed in the 
Appendix: 


in which f is defined by Eq. 1, and 
other symbols are defined with re- 
spect to Eq. 5. 

Consider the following example: 
tubing size, 212 in.; plunger size, 134 
in.; fluid gradient, 0.500 psi/ft; work- 
ing fluid level, 5,000 ft; At previously 
defined, 40°F. Substitution of the 
above conditions into Eq. 7 leads to: 

W, = 13,520 Ib 
13,520 
5.545 


W 
Length of tail pipe = =a = 


= 2,450 ft. 


In the case where plunger diameter 
is much smaller than tubing ID (in- 
sert pumps), tubing may elongate 
rather than shorten between the con- 
ditions of Figs. 7A and 7B. For the 
sake of brevity, the analysis of this 
case is omitted here. Because of this, 
the actual weight of required tail pipe 
is somewhat greater than calculated 
with Eq. 7, and it is recommended 
that for insert pumps, the results from 
Eq. 7 be increased by 10 per cent. 
Thus, for the above example, the 
length of tail pipe should be 2,700 ft 
instead of 2,450 ft. 


A common installation of a com- 


Fre. 8U (Lerr)—Siruation purine Pump 
UpsTROKE WITH A COMPRESSION 
ANCHOR AT Pump. 

Fic. 8D (ricHt) —Srruation purtnc 
Pump DownstROKE witH CompPRESSION. 
ANCHOR AT Pump. 


pression anchor without any tail pipe 
is shown in Figs. 9U and 9D, in 
which the anchor is located in the 
string high above the pump. Unless 
the distance between the pump and 
the anchor is large enough, the tubing 
will still buckle above the anchor, both 
during upstroke and downstroke, as 
in the case of Figs. 8U and 8D. How- 
ever, if the anchor were high enough, 
the tubing above the anchor would be 
straight. It would nevertheless still 
buckle below the anchor as would 
freely suspended tubing. The advan- 
tage of this compression anchor in- 
stallation over freely suspending the 
tubing is that breathing is due only to 
the length of tubing below the anchor. 


Shown in Fig. 10A is the case of a 
compression anchor at the pump with 
sufficient tail pipe. Shown in Fig. 10B 
is the case without tail pipe but with 
the anchor sufficiently high above the 
pump. Now Fig. 10C shows an inter- 
mediate case which minimizes breath- 
ing and avoids buckling above the 
anchor. 


In the first approximation, buckling 
above the anchor will be avoided in 
all three cases if the length of tubing 
below the anchor is equal the length 
of tail pipe as given by Eq. 7. Thus, 
in the case of the example, the anchor 
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Ancuor Hicu Azove Pump. 
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should be 2,700 ft above the pump, 
which is much higher than commonly 
believed necessary. A rigorous and 
complete determination of this length 
must account for the working fluid 
level, and the fact that the thermal 
effect is somewhat different from the 


__case where the anchor is at the pump. 


Since these considerations would re- 
sult in considerable complication, they 
are not included in this paper. 


The following field case, encoun- 
tered in Oklahoma by Cities Service, 
shows an example of troubles which 
resulted from the use of a compres- 
sion anchor and how these troubles 
disappeared after a tension anchor 
was installed. 


. we installed a . . . Tension 
Type tubing anchor in one of our 
wells. The anchor was installed in an 
attempt to eliminate tubing failures 
that were occurring monthly. The fail- 
ures were perpendicular to the axis of 
the tubing at the first non-engaged 
thread. The breaks extended approxi- 
mately 180° around the plane at the 
base of the first non-engaged thread. 
The failures had been caused appar- 
ently by the working of the 214-in. 
tubing in the 95-in. casing. The 
tubing was anchored with the con- 
ventional type tubing anchor [com- 
pression anchor]. The anchor was 
installed at 5,119 ft, ie., 1,116 ft 
above the pump [bottom of the cas- 
ing]. The pumped fluid temperature 
arriving at the surface was 125°F; 84 
per cent of the fluid was heavily sat- 
urated salt water of specific gravity 
equal to 1.15. All the tubing failures 
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occurred in the first 15 joints above 
the anchor. During this period, rod 
failures of the body break variety hap- 
pened almost weekly. 

“Now, 10 months after the installa- 
tion of the tension anchor, there have 
been no tubing failures; only three 
rod failures; and with the same pol- 
ished rod stroke, speed and pump 
size, the well is pumping a greater 
amount of fluid. Frankly, the results 
we have obtained from this installa- 
tion have far exceeded our expecta- 
tions.” 


It is believed that the situation was 
as shown in Figs. 9U and 9D. For the 
conditions prevailing in this well, 
however, the small deflection buck- 
ling was not particularly harmful. On 
the other hand, large deflection buck- 
ling in the 95%-in. casing caused fail- 
ures. The situation was aggravated by 
the presence of salt water and prob- 
ably by excessive setting slack-off. In_ 
view of the explanation given in this 
study, it may be understood why re- 
placement of the compression anchor 
with a tension anchor avoided such 
failures. Since there was no room for 
tail pipe below the pump, the only 
other means for avoiding the above 
mentioned troubles would have been 
to place the compression anchor much 
higher in the string or to do without 
any anchor. Neither of these means 
would have resulted in the increase of 
efficiency which was realized from use 
of a tension anchor. 


SUCKER Rop GUIDES 


Sucker rod guides were devised to 
minimize the detrimental effects of 
friction in crooked holes. They could 
also be used to minimize the effects of 
tubing buckling. 

In order to be effective in minimiz- 
ing buckling effects, the guides must 
be properly spaced on the string be- 
tween the pump and the neutral point 
and must not move on the rods while 
the well is being pumped. The nega- 
tive results encountered in the past 
with sucker rod guides do not justify 
condemnation of the technique, be- 
cause the guide spacing used was too 
large. 

Field trials with sucker rod guides 
conducted in a North Louisiana field 


resulted in reducing the average oc- 
currence of failures due to rod-on- 
tubing wear from one in 6.3 months 
to one in 11.2 months. It is interest- 
ing to note that in the same field even 
better results have been obtained with 
friction-type anchors. This is to be ex- 
pected, in view of the fact that rod 
guides cannot prevent buckling but 
only minimize its detrimental effects. 


Eq. 8 below, derived in the Appen- 
dix, gives the required sucker rod 
guide spacing. Although the deriva- 
tion concerns an idealized system, the 
authors nevertheless feel the spacing 
thus obtained is adequate. 

AG = 254 
in which 

D and d have the same meaning 

as in Eq. 5 


AG is the required distance be- 
tween two successive guides in 
feet 


G is the distance in feet from the 
lower of the two guides to the 
neutral point 


q is as follows: For guides below 
the working fluid level g is the 
wt/ft of tubing in fluid. For 
guides above the working fluid 
level q is given by Eq. 4. 

Chart 4 is a graphical representa- 
tion of Eq. 8. Guide spacing AG is 
plotted vs distance G below the neu- 
tral point for 2-in. and 24 -in. tubing. 
For simplicity, g is taken constant and 
equal to the largest possible value, i.e. 
given by Eq. 4 assuming 8 equal 0.50 
psi/ft. 

The chart shows that the guide 
spacing must be the closest in the 
vicinity of the pump. This spacing 
may be progressively decreased as the 
neutral point is approached. No guides 
are needed above the neutral point to 
control buckling effects, although they 
might be useful in severe dog-legs. At 
the pump the guides must be very 
closely spaced in wells with a low 
working fluid level. 

The way the distance from the 
pump to the neutral point is calcu- 
lated, and the sucker rod guide spac- 
ing is determined, will be shown with 
the following example: 
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Pressure differential across the 
plunger Ap = 2,500 psi (work- 
ing fluid level 5,000 ft, gradient 
0.5 psi/ft) 

Plunger area 2.4 sq in. (1%-in. 
plunger) 

Fictitious force f = 2,500 X 2.4 
= 6,000 Ib 

Weight per unit length in fluid: 

q = 5.545 lb/ft (2% -in. tubing, 
1.154 specific gravity fluid) 

Distance to the neutral point: 

_ 6,000 

Then the following guide spacing 
is obtained from Chart 4: 


= 1,082 ft 


Distance Distance Below Guide 

Above Neutral Spacing, 
Pump, Feet Point, Feet Feet 
0 1,082 15 
160 982 15 
200 882 16 
300 782 17 
40) 682 18 
500) 582 20 
600 482 22 
700) 382 24 
800 282 238 
900 182 35 
1,000 82 50 


One could, for instance, use 52 
guides and locate them at the follow- 
ing distances from the pump in feet: 

15, 30, 45, 60, 75, 90, 105, 120, 

135, 150, 165, 180, 195, 211, 227, 

243, 259, 275, 291, 307, 324, 341, 


358, 375, 392, 410, 428, 446, 464, 
482, 500, 520, 540, 560, 580, 600, 
622, 644, 666, 688, 710, 734, 758, 
782, 806, 834, 862, 890, 918, 953, 
988, 1,038. 


CORROSION INHIBITORS 


It has already been said in this 
paper that the authors do not know of 
any case of serious mechanical trou- 
ble due to buckling in presence of 
corrosion inhibitors. Thus, use of in- 
hibitors might possibly be a means to 
control wear due to buckling. This is, 
however, not definitely established, 
since generally inhibitors have not 
been used when wear has seemed to 
be primarily mechanical rather than 
chemical. It should be kept in mind 
in evaluating the merits of inhibitors 
that prevention of corrosion cannot 
stop breathing. Use of inhibitors is 
outside the scope of this paper. Tech- 
niques pertaining to their use are de- 
scribed in the literature, in Refs. 11 
through 15. 


CONCLUSTON'S 


1. The lower portion of freely sus- 
pended tubing buckles in a pumping 
well during pump upstroke and wraps 
itself around the sucker rod. 
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2. In presence of a large coefficient 
of friction due to sand or corrosion, 
buckling results in frequent tubing 
leaks caused by rod-on-tubing wear. 


3. Probably friction due to buck- 
ling increases both polished rod load 
and horsepower. 


4. Possibly buckling of tubing has- 
tens pump wear. 


5. For a freely suspended tubing, 
the pumping efficiency is adversely 
affected by both the known effect of 
tubing breathing and the newly 
discovered phenomenon of tubing 
buckling. 


6. Tubing buckling and its harmful 
effects may be entirely prevented by 
any one of the following means: (a) 
tension anchors, i.e. anchors which 
can move only downward, (b) a suf- 
ficient weight of tail pipe below the 
pump. 

7. Harmful effect of tubing buck- 
ling may be minimized by any one of 
the following means: (a) friction an- 
chors, (b) less tail pipe than neces- 
sary to eliminate buckling, (c) sucker 
rod guides spaced as described in this 
paper, and (d) corrosion inhibitors. 


8. Among the techniques men- 
tioned above, only tension anchors 
may entirely prevent both buckling 
and breathing. 


9. With a compression, i.e. a hook- 
wall anchor, both buckling and 
breathing could be avoided only by 
placing the anchor at the pump and 
suspending an extremely heavy tail 
pipe below. 


10. With a compression anchor at 
the pump and no tail pipe below, 
buckling is much more harmful than 
for a non-anchored tubing, and may 
result in: (a) frequent first engaged 
thread bending failures, (b) frequent 
rod tensile failures resulting from ad- 
ditional load due to friction, and (c) 
decrease of pumping efficiency due to 
friction, which cancels the expected 
increase of efficiency due to pre- 
vention of breathing. 


11. Buckling of tubing above a 
compression anchor cannot be pre- 
vented by placing the anchor high 
above the pump, unless the distance 
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from the pump to the anchor is ex- 
tremely large. 


12. Means for determining the 
Proper amount of pickup when using 
tension anchors are given in_ this 
Paper. 

13. In the choice of a tension an- 
chor, consideration should be given to 
features of the tool which insure safe 
retrieval. 


14. Use of a tension anchor, or of 
a compression anchor with a suffi- 
ciently heavy tail pipe below, results 
in increased production for less horse- 
power. A similar improvement ex- 
pected in the past from use of 
compression anchors did not occur 
because of buckling, which was not 
then known. 
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APPENDIX 
EXPLANATION OF BUCKLING 


Consider that the length of pipe of 
Fig. 1 has been deflected by applica- 
tion of horizontal lateral forces so 


that the deflected shape is as shown in 
Fig. 11. Consider an arbitrary cross- 
section MN, the center of which is 
marked O. The bending moment at 
this cross-section is equal to the sum 
of the moments about O of all exter- 
nal forces acting on the portion of the 
pipe to the left of MN. The Weight 


having no effect on moments about 
O, these forces are pressure forces 


and the reaction of the piston on the 
pipe. 

Because the arc BC is longer than 
arc DE, there is a net pressure force 
h (Fig. 12) acting on the walls of the 
pipe in addition to force j acting on 
the shoulder AB (Fig. 12). For clar- 
ity, force j is represented by two vec- 
tors in Fig. 12. 

The force h cannot readily be cal- 
culated, since it depends upon the 
shape of the elastic line. Therefore, 
the resultant of j and h is best calcu- 
lated by the following means: 

Consider an entirely closed cavity 
BCED (Fig. 13), of the same shape 
as the inside of the pipe BCED (Fig. 
12), and containing fluid under pres- 


sure equal to that applied inside the 


pipe. The horizontal pressure forces 
which the fluid exerts on the walls of 
the cavity are as follows: h and j pre- 
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viously defined, i equal to pressure 
times piston area, and k equal to pres- 
sure times ID cross-section area of the 
pipe. Then written as vectors, the hor- 
izontal forces acting on the fluid are 
(~h), (-j), and (—k). The 
liquid being in equilibrium, the fol- 
lowing vector equation must be sat- 
isfied : 

(—k) =0 

From this, 

(h) + (i) = + (10) 

In order to determine the reaction 
of the piston on the pipe, consider 
equilibrium of the piston. The piston 
is subjected to the following forces 
(Fig. 14): pressure force i, pull T 
of the rod, and the resultant r of all 
the reactions of the pipe upon the 
piston. The piston is assumed to be 


(9) 


frictionless so that the vector (r) 
must be perpendicular to (i). The 
equilibrium of vectors (i), CPR and 
(r) is shown in Fig. 15. 

The external forces acting on the 
portion of the pipe to the left of MN 
are pressure forces (h) and (j) and 


the reaction (—r) of the piston on 
the pipe. In view of Eq. 10, the 


above forces may be replaced by 
(—i), (—k), and (—r). From Fig. 

= (7) (11) 
Thus the resultant of external forces 
acting on the portion of the pipe to 
the left of MN is the resultant of 


(—k) and (T). Therefore, the bend- 
ing moment at MN is the moment of 


force (T) about 0, the moment of 
(—k) being zero. As far as elastic 
stability is concerned, the pipe acts 
as if it were subjected to a column 
load (T). Since stability is decided 
on the basis of small deflections, the 
magnitude of ( T) is essentially that 
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of (i), which is the same as f in the 
body of the paper. 


PREVENTION OF BUCKLING 


It is explained in the body of the 
paper that on upstroke, freely sus- 
pended tubing buckles as if subjected 
to. an upward fictitious force f. 
Therefore, buckling will not occur 
if the buckling effect of f is counter- 
balanced by the straightening effect 
obtained by increasing the tension 
(or compression) in the tubing by 
adding at the level of the pump a 
tension equal to f. Therefore, the 
tension in the tubing at the pump 
level during downstroke is just that 
needed to prevent buckling during 
upstroke. And if the tubing is caught 
in its most extended position during 
downstroke, then this tension will 
also be present during upstroke and 
will prevent buckling. This is a state- 
ment made, but not proved, in the 
body of the paper. 


DERIVATION OF PICKUP 
FORMULAS FOR TUBING 
SET ON A POSITIVE-ACTION 
TENSION ANCHOR 


No proof is deemed necessary for 
Eq. 6, which is a direct application 
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Fic. 16A. 


ot Hooke’s law. Eq. 5 is derived in 
the following manner. 


PICKUP WITH NO 
TEMPERATURE CHANGE 


Consider tubing in a well as shown 
in Figs. 16A and 16B. The axial 
strain e, in the tubing, due to pres- 
sure acting on the walls of the tubing, 
iS: 

(12) 


E 
where o, and g, are radial and tan- 
gential stresses given by thick wall 
cylinder formulas*. Substitution for 
a, and o; leads to: 


(13) 


in which all the symbols were pre- 
viously defined except p, and p,, 
which are pressures inside and out- 
side of the tubing. 

The axial strain ae due to pres- 
sure acting on the bottom of the 
tubing is: 


(14) 


in which p’ and p’ are inside and 
outside pressures respectively, acting 
on the bottom of the tubing. It is to 


*See, for instance, Ref. 16, Eq. 45, 
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be noted that «, varies with depth, 
while «’ does not. 

The changes Ac, and A¢’ in the 
strains €, and «’ respectively, be- 


tween the condition of Figs. 16A 
and 16B are: 


(15) 


“FLUID. GRADIE 
4 PSt PER FOO 


ING 
E D = 


(16) 


in which Ap;, Ap,, Ap, and Ap’ 
are changes in these pressures. From 
Figs. 16A and 16B, one finds that 
Ap’, equals 8X, Ap’ equals p, — 


— X,) and that the other 


changes are as summarized: 


Section Ap, AD 
AB 8x Po 
BC > pet 
CD SX, (pom O(Xe— X,) 


in which x is the distance from the 
surface. 


The total elongation of the tubing 


between the conditions of Figs. 16A 
and 16B is: 


PICKUP - THOUSAND POUNDS 


FLUIO LEVEL aT Time ANCHORL 
SET-THOUSAND FEET 


ANCHOR DEPTH ~ 


IS FLUID TEMPERATURE AT SURFACE 
MINUS MEAN YEARLY TEMPERATURE _ 


_ APPROXIMATE MEAN YEARLY TEMPERATURES: 
 MID-CONTINENT “60 °F 


GULF COAST 


TENSION ANCHOR 
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| 
| y ANCHOR DEPTH-THOUSAND FEET 
= 


TUBING 
TEMPERATURE 


ANCHOR DEPTH 


OEPTH 


Fic. 17—Errecr or TEMPERATURE. 


=| (Ae, at Ae 


AL’ is also the pickup in inches 
which would be required if there 
were no temperature change. 

The corresponding pickup AT’ in 
pounds is obtained from Hooke’s 
law: 

AL’ 
AT = ba, — 
in which a, is the wall cross-sectional 
area of tubing. Replacing a, with 


D: 
One obtains: 


Substituting the expression of AL’ 
into Eq. 18 and proceeding through 
a few transformations, an expression 
tor AT’ is obtained, which is the 
same as Eq. 5 without the term con- 
taining At. 


PICKUP DUE TO 
TEMPERATURE CHANGE 


It is assumed that at the time the 
anchor is set, the tubing is in ther- 
mal equilibrium with the surround- 
ing formations and that its tempera- 
ture varies with depth as shown by 
BA (Fig. 17), OA being the mean 
yearly temperature. Seasonal changes, 
BA, or BA,, affect only a negligible 
length of tubing. It is further as- 
sumed that, during pumping, tem- 
perature varies with depth, as shown 
by BC. Then AC, designated Az, is 
the temperature change of the tubing 
near the surface between the time 
the anchor is set and a later time 
when the well is being pumped. This 
means that At/2 is the average tem- 
perature change of the tubing. 

If the average temperature of a 
pipe of length L” is increased by 
At/2 and the pipe is freely permit- 
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ted to elongate, then its elongation e 
iS: 
At 
2 
From Hooke’s law, the compres- 
sive stress c, which is needed to re- 
store to the pipe its original length, 
is: 


which explains the term containing 
At in Eq. S. 

PICKUP CHARTS 


The pickup charts are a graphical 
representation of Eqs. 5 and 6. For 
convenience, the following designa- 
tions are made: 

De a 

Dp 
(19) 


Yo =a, (1 — 


Y= 


(20) 
Eq. 5 is rewritten, neglecting the 
term with p,, 


AT = — Y,) Sa, 


For any value of X,, the function Y, 
is largest for L equal X, and, for the 
range of L covered by the Charts, is 
smallest for L equal 12,000 ft. The 
Charts are simplified by assigning to 
Y, the average value for each X,. It 
has been determined that doing this 
results in a maximum error in AT 
of 400 lb, which is negligible. 
The graphical representation is 
made in five sections, as shown in 
Fig. 18. Each section represents a 
functional relationship among three 
variables: two of the variables are 
the coordinate axes, and curves are 
drawn for constant values of the 
third variable. The variables for each 
section are shown in the table be- 
low. The ordinate of Section 3 and 
the abscissa of Section 4 are the 
same. The slanting reference line is 
used for transfer between them: 


Third 
Section Ordinate Abscissa Variable 
1 L Ys 
2 Y; Ys Y2 
3 O(Y2 —Y1) You 6 
4 O(Ys —Y:) 
At 
5 —Y1) 
Al 
2 
TAIL PIPE 


Consider the lower end of a tubing 
string as shown in Fig. 19A. There 
is acting on the bottom of the string 
a buoyancy force M. Now consider 
that more tubing (tail Pipe) is added, 


-M 
[eal 
N 
Fic. 19A. Fic. 19B. 


as shown by dotted lines in Fig. 19B. 

When the tail pipe is attached to 
the tubing, the buoyancy force M 
no longer exists. This is equivalent 
to adding to the tubing a force, —M, 
shown in Fig. 19B. On the other 
hand, suspending the tail pipe from 
the tubing adds two vertical forces: 
The weight in air, W,, of the tail 
pipe, and the upward pressure force, 
N, with which the fluid acts on the 
bottom of the tail pipe. 

Thus, the forces added to the tub- 
ing by suspending tail pipe are W.,, 
N, and —M. Their resultant is 
equal to the weight of tail pipe in 
fluid. 

In order to counteract the bend- 
ing effect of fictitious force f with 
added tension by hanging tail pipe, 
the weight of the tail pipe in fluid 
must be equal to f. This proves the 
statement made, but not proved, in 
the body of the paper. 

No proof is deemed necessary for 
Eq. 7, pertaining to use of tail pipe 
in conjunction with a compression 
anchor. 


SUCKER ROD GUIDE SPACING 


Consider the tubing between two 
successive rod guides as a column 
subjected to a load qG. If this col- 
umn is considered to have hinged 
ends, the critical length AG,, ob- 
tained from Euler’s formula, express- 
ing the moment of inertia in terms of 
D and d, is: 

| (7/64) (D* — d*yE 
qG 

If we make the length of the col- 
umn, i.e. the distance AG between 
guides, equal 0.8 AG,, the tubing 
will certainly not buckle. Eq. 8 in 
the body of the paper is obtained by 
multiplying AG. by 0.8 and making 
allowance for customary units. Ac- 
tually, the tubing between rod guides 
is somewhat stiffer than a hinged end 
column which brings an additional 
factor of safety into Eq. 8. tok 
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Identification of Earth Materials by Induced Gamma-Ray 


ABSTRACT 


Research conducted previously has 
demonstrated that spectral analysis 
of gamma radiation from the nat- 
urally radioactive elements present 
in earth materials permits determina- 
tion of the relative concentrations of 
these elements. This research sug- 
gested that spectral analysis of gam- 
ma radiation resulting from neutron 
bombardment of elements not nor- 
mally radioactive might serve to iden- 
tify these non-radioactive elements, 
and might permit their quantitative 
determination. 

To investigate this possibility, lab- 
oratory experiments were conducted 
in which various earth materials 
were subjected to bombardment by 
neutrons from a polonium-beryllium 
source, and in which the spectra of 
the resultant gamma radiation were 
analyzed. The geometry of the lab- 
ortory system was designed to simu- 
late wellbore conditions. 

The laboratory work demonstrated 
that some elements not only can be 
identified with relative ease, but also 
can be determined quantitatively. 
This finding indicates that the use of 
an intense source of more energetic 
neutrons may lead to the identifica- 
tion and measurement of additional 
elements of interest by means of in- 
duced nuclear reactions. 


Original manuscript received in Society of 
Petroleum Engineers office on Sept. 11, 
1956. Revised manuscript received on Nov. 
1, 1956. 
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INTRODUCTION 


In recent years the applications 
of nuclear physics to the producing 
branch of the petroleum industry 
have become increasingly numerous. 
One significant development, an out- 
grewth of nuclear science which is 
of potential importance in well log- 
ging, has been the analysis of gamma- 
ray spectra of naturally radioactive 
elements in earth strata. The work of 
Brannon and Osoba’ has demon- 
strated that presently available equip- 
ment and techniques may be used to 
determine the relative concentration 
of thorium, potassium, and uran- 
jum in underground strata by means 
of gamma-ray spectral analysis. 

Success of the research on spec- 
tral analysis of naturally radioactive 
elements suggested that spectral 
analysis of induced radioactivity 
might serve to identify, and perhaps 
measure quantitatively, those ele- 
ments which normally are not radio- 
active, but which become radioactive 
on neutron bombardment. It was to 
investigate this possibility that the 
research described in the following 
sections was undertaken. 


THEORY OF INDUCED 
NUCLEAR REACTIONS 


Of fundamental importance is the 
fact that an element, when bom- 


‘References given at end of paper. 
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barded with neutrons, emits gamma 
rays of energies characteristic of 
that element. Therefore, in theory, an 
element may be identified by anal- 
ysis of the energy spectrum of the 
neutron-induced gamma radiation. 

If a neutron impinges upon the 
nucleus of an atom, any one of sev- 
eral reactions may occur. For iden- 
tification of elements in earth for- 
mations the more important are 
listed below: 

1. The neutron may be elastically 
scattered, as in a collision be- 
tween two billiard balls. In 
this case the total kinetic en- 
ergy is conserved, and no nu- 
clear radiation is emitted. 
The neutron may be inelast- 
ically scattered, as in a col- 
lision between two automobiles 
in which case the total kinetic 
energy is not conserved. The 
lost kinetic energy reappears in 
the form of gamma radiation. 


3. The neutron may be captured, 
in which case the neutron be- 
comes a part of the target 
nucleus, and a gamma ray is 
emitted. For example, if the 
target nucleus is H’, the pro- 
duced nucleus will be H’, and 
gamma radiation of a partic- 
ular energy will be emitted. 

4. The neutron may produce 
nuclear fission, or may enter 
into miscellaneous reactions 
which result in the emission of 
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electrons, protons, or alpha 
particles. 

The second and third reactions are 
possibly of the greatest potential im- 
portance in identification of the ele- 
ments which comprise earth ma- 
terials. These reactions occur almost 
instantaneously, usually in less than 
10™ seconds. Included in the fourth 
group of reactions are those which 
cause the product nuclei to be radio- 
active, i.e., to continue to emit par- 
ticles or gamma rays for periods 
ranging from fractions of seconds 
to years. 

When an element is bombarded 
with neutrons, several reactions are 
usually possible, and, therefore, the 
reactions compete with one another. 
If several elements are present, all 
reactions which are_ energetically 
possible occur, and all reactions for 
all elements compete with one an- 
other. The probability of a process 
occurring is described by the “cross 
section,” which is the effective cross- 
sectional area of the nucleus for the 
given process. The unit of cross 
section is 10“ sq cm, which is 
called one “barn.” The cross section 
for a particular reaction, such as 
neutron capture, depends upon both 
the element considered and the veloc- 
ity, or energy, of the bombarding 
neutron. Neutron-capture cross sec- 
tions for various elements of interest 
commonly found in earth strata are 
given below.”* 


Slow Neutron Capture 


Element Cross Section (Barns) 
Chlorine 31.6 

Sulfur 0.49 

Sodium 0.47 
Calcium 0.43 
Hydrogen 0.33 

Silicon 0.13 

Carbon 0.0045 
Oxygen 0.0002 


Although nuclear reactions may 
produce several types of nuclear ra- 
diation, gamma radiation is the one of 
principal interest for detection of ele- 
ments in earth strata. The essential 
fact that makes possible such detec- 
tion of elements should be re-em- 
phasized: the gamma rays emitted by 
an element are of energies character- 
istic of that element. Thus, for ex- 
ample, if sulfur is bombarded by 
slow neutrons, 44 per cent of the 
resultant gamma rays have an energy 
of 5.43 mev’, 16 per cent an energy 
of 3.21 mev, and the remaining 40 
per cent are distributed over several 
other discrete energies.* Similarly, 
other elements yield gamma rays of 
other distinctive energies. 

Although the foregoing considera- 
tions suggest that individual elements 
in earth strata may be detected by 


*Million electron volts. 
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means of induced nuclear reactions, 
the problem of detection and meas- 
urement is complicated by a number 
of factors which are not readily 
amenable to exact analysis, such as 
the degradation of gamma-ray ener- 
gies in traversing the earth material, 
the geometry of the system, and 
various others. These complexities 
introduce uncertainties into the pre- 
diction from theory of results ob- 
tainable in any practical situation. To 
resolve these uncertainties, and thus 
to investigate the possibility of detec- 
tion and measurement of particular 
elements, the experimental work 
described in the following section 
was performed in the laboratory. 


EXPERIMENTAL 
INVESTIGATION 


EQUIPMENT AND PROCEDURE 


The equipment used in the lab- 
oratory investigation is shown 
schematically in Fig. 1. This equip- 
ment was designed to simulate well- 
bore conditions and to maintain at 
the same time the controlled condi- 
tions essential to the investigation. 
A 55-gal drum was filled with the 
various earth materials to be studied. 
The dimensions of the drum were 
such that the thickness of material 
under investigation was essentially 
“infinite” in the sense that little of 
the radiation escaped the confines 
of the drum. Located near the bot- 
tom of the drum was a 0.1 curie 
polonium-beryllium neutron source 
which emitted 2 x 10° neutrons per 
second. Above the source, and 
shielded from it by 6 in. of lead, was 
the gamma-ray detector, which com- 
prised a sodium iodide scintillation 
crystal, 1 in. in length and 1% in. 


Wave Form of Pulses 
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in diameter, attached to a photo- 
multiplier tube. 

Gamma radiation striking the 
scintillation crystal is absorbed by it 
with emission of light of an intensity 
proportional to the energy of inci- 
dent radiation absorbed by the crys- 
tal. This pulse of light is converted 
by the photomultiplier tube to a 
voltage pulse of amplitude propor- 
tional to the light intensity. 

Voltage pulses from the photo- 
multiplier tube of Fig. 1 were fed 
into a pre-amplifier, thence into a 
linear amplifier. The amplifier pulses 
were then fed into a pulse stretcher 
which produced a long flat-topped 
signal from each incoming pulse. 
The stretched pulses were then dis- 
played on the screen of a cathode 
ray oscilloscope fitted with a 35mm 
camera for photographing the screen. 

Photographing a number of pulses 
in a single exposure permitted spec- 
tral analysis of the radiation.” In 
practice, the film was exposed long 
enough to insure the recording of a 
sufficient number of pulses to reduce 
statistical variations to an acceptable 
minimum. The film was then de- 
veloped and examined by use of a 
recording micro-densitometer to ob- 
tain film density as a function of 
pulse height. Since the film density 
for any pulse height is related to the 
number of gamma rays of that pulse 
height which struck the crystal, the 
micro-densitometer recording is a 
plot, on a non-linear scale, of the 
number of gamma rays per unit ener- 
gy interval as a function of gamma- 
ray energy. This plot is the desired 
spectrum of gamma-ray energy. 


RESULTS 
In order to insure that the gamma- 
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Tay spectrometer system was operat- 
ing properly and to determine, for 
future measurements, the energy 
scale to be associated with the plot 
obtained from the recording micro- 
densitometer, it was necessary to 
analyze first several gamma rays of 
known energies. The spectrum pro- 
duced by the gamma rays for the 
radioactive isotope Co” is shown in 
Fig. 


The pertinent features of this 
graph are the two prominent peaks 
at 1.17 and 1.33 mev. These are the 
known energies of the Co” gamma 
rays. No gamma rays are shown be- 
tween 0 and 0.25 mey. These low 
energy gamma rays are generally 
not of interest, and therefore, the 
voltage pulses corresponding to these 
gamma rays were eliminated by elec- 
tronic discrimination. 


Just as the gamma rays from Co” 
were used to check resolution and 
calibration at low energies, so the 
4.43 mev gamma rays from the 
polonium-beryllium source, shown in 
Fig. 3, were used at higher energies. — 
The prominent peaks at 3.92 and 
3.41 mev in Fig. 3 illustrate a char- 
acteristic of the nuclear process in- 
volved in scintillation detection. Al- 
though only 4.43 mev gamma rays 
are emitted, the peak in the spec- 
rum at 4.43 mev is very small, while 
there appear large peaks at 3.92 mev 
and 3.41 mev. In general, for gam- - 
ma trays of energy greater than ap- 
proximately 3 mev, the predominant 
spectral peaks appear at energies 
0.51 and 1.02 mev less than the ac- 
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FROM KEROSENE AND FROM WATER. 


The spectra resulting from neu- 
tron bombardment of kerosene and 
of water are given in Fig. 4. These 
spectra are nearly identical. This 
similarity may be predicted, and is 
the result of the small slow-neutron 
cross section for carbon and oxygen. 
Thus, hydrogen, with a larger slow- 
neutron cross section, reacts with 
most of the neutrons and produces 
most of the gamma rays. The gam- 
ma rays from carbon and oxygen 
were not observable above back- 
ground. 

The gamma-ray energy spectrum 
for crushed limestone saturated with 
Water is shown in Fig. SA. Prom- 
inent peaks, attributable to gamma 
radiation from calcium, appear at 
5.40 and 3.93 mev, and the hydro- 
gen peak may be observed at 2.23 
mev. In Figs. 5B, 5C, and 5D are 
illustrated the spectra obtained for 
mixtures of crushed limestone, ele- 
mental sulfur, and water. The per- 
centage of sulfur in the mixture was 
varied from a minimum of 12 per 
cent (Fig. SB) to a maximum of 58 
per cent (Fig. 5D). 

The spectra for the limestone, sul- 
fur, and water mixtures exhibit 
prominent peaks at 4.92 and 4.41 
mev which are due to a gamma ray 
from sulfur, as well as peaks at- 
tributable to gamma radiation from 
calcium and from hydrogen. Inspec- 
tion of Figs. SA-5D reveals that the 
heights of the sulfur peaks increase 
with increasing concentration of sul- 
fur in the mixture. 

To examine the correlation of 
peak height to sulfur concentration, 
the ratio, R, of the peak height at 
4.41 mev to an arbitrary reference 
level was computed. The correlation 
of the ratio R and the sulfur con- 
centration is given in Fig. 6. These 
results indicate that, after proper 
calibration, the concentration of sul- 
fur present in a limestone formation 
can be determined quantitatively. It 
should be noted that elemental sul- 
fur cannot be distinguished from sul- 
phates by this procedure alone, since 
the chemical bonds of an atom have 
no influence on the nuclear reaction. 

A typical gamma-ray spectrum 
from sodium chloride in water is 
shown in Fig. 7. The principal gam- 
ma rays Observed were those of 
chlorine, which appear at 5.61 and 
5.10 mev, and of hydrogen, at 2.2 
mev. Other gamma rays from chlo- 
rine appear at 4.0 and 3.5 mev. 

As in the case of spectral anal- 
ysis of mixtures of sulfur with other 
materials, the height of the chlorine 
peaks from the sodium chloride- 
water system exhibited increasing 
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amplitude with increasing chloride 
concentration. The relation between 
chlorine peak height and chloride 
concentration is shown in Fig. 8, in 
which is plotted the ratio R of the 
average of peak heights at 5.61 and 
5.10 mev to a reference peak height 
at 2.2 mev as a function of chloride 
ion concentration. 

It is apparent from Fig. 8 that, 
with proper calibration available, 
chlorine may be determined quan- 
titatively, by means of spectral anal- 
ysis of the induced radiation, in the 
chloride concentration range from a 
few thousand ppm chloride to per- 
haps 100,000 ppm chloride. At 
concentrations of chloride higher 
than about 100,000 ppm, there was 
an apparent “saturation effect”—i.e., 
the slope of the curve of peak height 
ratio vs concentration became small. 
The saturation effect may be a re- 
flection of the particular choice of 
reference on which the peak height 
ratios were based. In any event, both 
Figs. 6 and 8 demonstrate that in- 
duced nuclear reactions may be 
utilized for the quantitative determi- 
nation of some elements of interest 
in earth strata. 
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CONCLUSIONS 


It is evident from this research 
that some elements common in earth 
materials can be identified and de- 
termined quantitatively by spectral 
analysis of the gamma radiation re- 
sulting from their bombardment with 
neutrons. Those elements, such as 
chlorine, which have large neutron- 
capture cross sections and which 
yield gamma radiation of relatively 
high energy are possibly the easiest 
to detect and to assay through use 
of neutrons produced by a polonium- 
beryllium source. Other elements, 
such as sulfur, which have only mod- 
erate neutron-capture cross sections, 
can also be detected and determined 
quantitatively. 

It is apparent, however, that those 
elements of extremely small neutron- 
Capture cross sections are, at best, 
difficult to detect through use of a 
polonium-beryllium neutron source 
such as employed in this study. It 
is possible that use of a high energy 
neutron source will make available 
other nuclear reactions which will 
permit the detection and quantitative 
determination of numerous elements 
of interest, 
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A Test for Degree of Dispersion in Drilling Muds 


ABSTRACT 


Particles of montmorillonite-type 
clays consist of plate-like clay crystals 
stacked face to face. Under certain 
conditions in a suspension, these par- 
ticles disperse to individual platelets 
with the formation of diffuse double 
layers round each platelet. This action 
has a profound influence on the rheo- 
logical and other properties of the 
suspension. This paper describes a test 
for degree of dispersion and uses this 
test to correlate changes in dispersion 
with changes in viscosity and gel 
strength. The test is of practical value 
in determining and controlling disper- 
sion in drilling muds. 


INTRODUCTION 


It has long been recognized that 
the hydration and dispersion of clays, 
particularly those of the montmoril- 
lonite type, strongly influences the 
rheological and other properties of 
drilling muds, but little has been 
done to measure either of these 
phenomena under conditions that 
exist in drilling muds. The hydration 
of clays as such has been extensively 
studied by those interested in clay 
mineralogy, but in drilling muds it is 
to be expected that dispersion is at 
least as important a factor as hydra- 
tion because of the much higher 
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water-to-clay ratios and the veryhigh aggregation of the platelets face to 


degree of mechanical agitation. 


The term dispersion as generally 
applied to colloidal systems means 
the subdivision of large particles to 
small. Particles of montmorillonitic 
clays, however, consist of plate-like 
particles stacked face to face. Dis- 
persion of these aggregates to indi- 
vidual platelets may be expected to 
have an unusually large influence on 
the properties of the suspension be- 
cause of the shape factor, the enor- 
mous increase in specific surface, 
and the pronounced surface phe- 
nomena exhibited by the crystal 
surfaces. It is this form of dispersion 
that is particularly considered in this 
paper, and the term degree of dis- 
persion is used to imply the number 
of platelets per particle. The term 
aggregation is used to denote the 
opposite of dispersion, the associa- 
tion of individual platelets face to 
face to form stacks. 

It is important, as Garrison’ has 
pointed out, to distinguish between 
the deflocculation-flocculation phe- 
nomenon and the dispersion-aggre- 
gation phenomenon. Flocculation of 
clay suspensions is characterized by 
the formation of voluminous sedi- 
ments that are stable under quite 
high centrifugal fields. This indicates 
an edge to plate association of par- 
ticles to form an open network type 
of structure, which obviously will 
have quite a different influence on 
the properties of the suspension than 


1References at end of paper 


face. 

The work described in this paper 
was primarily concerned with devel- 
oping a test for degree of dispersion 
in clay suspensions and by means of 
this test to follow changes of disper- 
sion brought about by addition of 
electrolytes and to show the influence 
of dispersion on the rheological 
properties. 


THE CLAY-VOLUME TEST 


This test is based on the assump- 
tion that the greater the number of 
particles per unit weight of clay in 
a suspension the greater will be the 
volume of sediment when it is floccu- 
lated under standard conditions and 
centrifuged. After considerable 
experimentation the following pro- 
cedure was established: 1 cc of the 
test mud vigorously shaken with 100 
cc of 1-N NaCl in an ASTM oil 
centrifuge tube and centrifuged for 
five minutes in an International No. 
2 centrifuge at 2,000 rpm. 

When drilling fluids of different 
solids content are being compared, 
the clay volume is expressed in cc 
per gram of clay solids, but generally 
changes in dispersion in a given mud 
are being compared and it is more 
convenient to report as cc of sedi- 
ment. 

The test is strictly a comparative 
test, so that it is not necessary to 
adhere to the conditions specified 
above, e.g., with field muds a strong- 
er flocculant such as Al.(SO,), may 
be preferable to NaCl. 
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The only difficulty found with the 
test has been with certain very thick 
muds. The results indicated that the 
muds were not mixed sufficiently 
intimately with the 1-N NaCl. To 
overcome the difficulty it was neces- 
sary to mix the thick mud vigorously 
with. an equal quantity of water 
with a mechanical stirrer and then 
to add 2 cc of the diluted mix to 
100 cc of 1-N NaCl and proceed as 
above. 


THE CLAY-VOLUME TEST 
AND PARTICLE SIZE 


The validity of the clay volume 
test was first checked by making 
determinations on suspensions of five 
fractions of sodium Wyoming ben- 
tonite which had been separated ac- 
cording to particle size. The particle 
size and shape of these fractions was 
determined by Kahn.’ With a combi- 
nation of electro-optical birefringence, 
electron microscopy, and other meth- 
ods, Kahn found that the diameter 
of the semi-major axis was the easiest 
parameter to measure accurately and 
that this diameter was approximately 
proportional to particle thickness and 
hence to the number of platelets per 
particle. It was found that with these 
five fractions the clay volume was 
inversely proportional to the diam- 
eter of the semi-major axis (Fig. 1) 
which is good evidence in support 
of the test. 


THE CLAY-VOLUME TEST 
AND OPTICAL DENSITY 

Optical densities of suspensions 
are recognized as providing a good 
comparative measure of particle 
size.”* To further substantiate the 
clay-volume test, clay-volume and 
optical-density determinations were 
made on a series of sodium Wyoming 
bentonite suspensions treated with 
salts to change the degree of disper- 
sion. The procedure was as follows: 
3.4 per cent suspensions of sodium 
Wyoming bentonite, from which par- 
ticles greater than 2 microns had 
been removed, were treated with in- 
creasing amounts of salt solution, 
and water was added to bring the 
final concentration of clay to 2.77 
per cent. The samples were agitated 
for one day and aged for four days 
before testing. 

Because of the high opacity of the 
2.77 per cent suspensions, it was 
necessary to devise a special tech- 
nique to measure the light-transmis- 
sion properties. The suspension was 
put in a cell 1 mm thick and the tur- 
bidity was measured in a Baroid 
turbidity meter. This instrument uses 
a photo-electric cell and gives read- 
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ings in arbitrary units. The instru- 
ment was calibrated by making 
determinations on a series of suspen- 
sions covering the desired range. A 
Beckman spectrophotometer was then 
used, at a wavelength of 5,000 A, 
to determine the optical densities of 
the suspensions diluted in the ratio 
of the thickness of the two cells. 
Clay volumes were measured as 
described above. Figs. 2, 3, and 4, 
show the results for NaCl, CaCl., 
and AICl,. It can be seen that the 
clay volumes correlate well with the 
optical density and that there is a 
sharp increase in optical density and 
a decrease in the clay volume at 400 
meq/liter NaCl, 20 meq/liter CaCl., 
and 10 meq/liter AICI,. These results 
correlate well with those of Norrish.’ 
He measured the c-axis spacing of 


Na-montmorillonite in NaCl solu- 
tions and found that at concentra- 
tions less than 300 meq/liter of NaCl 
the spacing changed suddenly from 
19 to 40 A and the diffraction pat- 
terns changed from sharp to diffuse. 
He deduced from his results that the 
sharp increase in spacing was due to 
the hydration forces being strong 
enough to break the electrostatic 
attractive forces between the clay 
platelets in the stack and permit the 
development of diffuse double layers, 
osmotic swelling, and a repulsive 
charge. It may therefore be assumed 
that the change in optical density 
and clay volume that was observed 
at 400 meq/liter of NaCl in the 
above tests marks a change from 
individual platelets with diffuse 
double layers to comparatively poorly 
hydrated, strongly bonded stacks. 

Norrish obtained the high basal 
spacings with other monovalent ions, 
but not with polyvalent ions. This 
corresponds with the aggregation 
caused by CaCl, and- AICI, in the 
above experiments which was prob- 
ably due to base exchange, and the 
quantities involved suggest that is so. 
Also, a suspension of pure Ca-ben- 
tonite in distilled water was found 
to have a very low clay volume 
(0.3 cc for a 2.77 per cent suspen- 
sion), and this could not be increased 
even with the most vigorous agita- 
tion. Thus it appears that suspen- 
sions of polyvalent ion clays are 
highly aggregated. 

Mention should be made of one 
question that arose. Why, if 1-N 
NaCl caused strong aggregation when 
added to the 2.77 per cent suspen- 
sion, were not all suspensions aggre- 
gated when added to the 1-N NaCl 
solution during the clay-volume test. 
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The answer appears to be that at 
low concentrations of clay, aggrega- 
tion does not occur. This was proved 
by preparing a 0.03 per cent suspen- 
sion of Na-bentonite in distilled 
water and adding 1 gm equivalent 
of NaCl. No change in optical den- 
sity or sediment volume occurred. 
The same result was obtained with 
an aluminum salt. 


INFLUENCE OF DISPERSION 
ON THE RHEOLOGICAL 
PROPERTIES OF SUSPENSIONS 


The rheological properties of the 
suspensions used in the tests described 
above were measured in a multispeed 
concentric cylinder viscometer, which 
gives values of plastic viscosity, yield 
point, and gel strengths in absolute 
units. The initial and 10-minute gel 
strengths are shown in Figs. 2, 3, 
and 4. The curves show two impor- 
tant features; the first is a rise in gel 
strengths at comparatively low salt 
concentrations. This rise is undoubt- 
edly due to the flocculation of the 
suspension, and the concentrations 
at which it occurs check well with 
the values obtained by van Olphen‘ 
with a method based on sediment 
volumes; e.g., in these tests, floccu- 
lation by NaCl occurred somewhere 
between 10 and 20 meq/liter NaCl 
vs 12 to 16 meq/liter by van Olphen. 
The other interesting feature is the 
decline of gel strengths at the aggre- 
gation point, thus clearly illustrating 
the difference between flocculation 
and aggregation—flocculation is es- 
sentially a structure-building mech- 
anism, hence the rise in gel strength, 
whereas aggregation decreases viscos- 
ity and gel strength by decreasing 
the number of particles and suppress- 
ing surface phenomena. Plastic 
viscosity is not affected to the same 
extent as gel strength by flocculation 
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but falls off rapidly at the aggrega- 
tion point. 

The influence of aggregation on 
the rheological properties in the 
above experiments is masked to 
some extent by simultaneous changes 
in the degree of flocculation. The in- 


fluence of degree of dispersion is bet-— 


ter seen by comparing the gel 
strength of suspensions in which the 
order of mixing the clay and salt is 
reversed. When the clay suspension 
was treated with 1,000 meq/liter 


NaCl as described above, the clay 
volume was 0.9 cc and the initial gel 
Strength 80 dynes/cm’?, With a 
suspension made by adding Na-ben- 
tonite to 1-N NaCl solution, the clay 
volume was 0.25 cc and the initial 
gel strength 4 dynes/cm’. Here the 
composition of the two suspensions 
was identical, the only difference 
being the degree of dispersion. 


PRACTICAL ASPECTS 


The tests described above were 
performed on simple systems of 
known composition. Practical drill- 
ing muds are complicated systems. 
There are several species of ions on 
the clay plus the presence of various 
soluble and sparingly soluble salts. 
Changes in degree of dispersion take 
place as a result of treating agents 
added or salts picked up in the course 
of drilling, and these changes not only 
influence the rheological properties 
as discussed here but also may be ex- 
pected to affect various aspects of 
the filtration phenomenon, electro- 
chemical behavior, etc. 


It is not possible to follow changes 
in dispersion by changes in the rhe- 
ological properties because fre- 
quently there are simultaneous 
changes in the degree of flocculation 
which affect the rheological values in 
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the opposite direction, and the net 
change depends on which action is 
the stronger. For this reason some 
direct test, such as the clay-volume 
test, is essential if it is desired to fol- 
low changes in degree of dispersion 
and interpret mud behavior correctly, 
either in the field or in the laboratory. 

It is also clear from the results 
that the clay-volume test is a useful 
guide in controlling dispersion and 
the hydration that accompanies dis- 
persion. For example, all thinners 
have, to a greater or lesser extent, 
a dispersive action as well as their 
more obvious deflocculating action. 
Thus although a pilot test for a 
thinner may show a reduction in gel 
strength, the addition of the thinner 
to the mud stream may be harmful 
because of increased dispersion of 
cuttings caused thereby. By making 
clay-volume tests periodically on the 
mud from the well, and in pilot test- 
ing, thinners can be selected and reg- 


ulated to keep the dispersing action 
to a minimum. 

Clay-volume tests have been found 
to be useful in controlling lime and 
barium muds, particularly in select- 
ing the right proportions to use at 
the breakover. These muds owe their 
main characteristic, toleration of a 
high solids content, to the aggregat- 
ing action of the calcium or barium, 
which prevents the caustic soda and 
thinners from dispersing clay. It is 
logical therefore to use some test for 
degree of dispersion as a criterion 
for the amount of lime or barium 
hydroxide required. Fig. 5 shows the 
clay volume obtained in pilot tests 
with a field mud. One lb/bbl each of 
caustic soda and quebracho, plus in- 
creasing amounts of lime, was added 
to each sample. In this case the 
recommended amount of lime was 
6 Ib/bbl. 

It is often possible to prepare lime 
muds of low gels and viscosities, 
with less lime than that required to 
bring the clay volume to a minimum, 
but such muds will not tolerate as 
high a content of solids. This was 
shown by preparing several lime 
muds of identical composition, ex- 
cept for lime content, and determin- 
ing the maximum amount of dry 
powdered clay that could be added 
before the gel strength became ex- 
cessive. Fig. 6 shows that when suffi- 
cient lime was used to obtain low 
clay volumes higher amounts of clay 
were tolerated. 
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CONCLUSIONS 


|. The clay-volume test gives a 
good comparative measure of the 
degree of dispersion in clay suspen- 
sions, such as drilling muds. 

2. Dispersion of clays of mont- 
morillonite type and the hydration 
that accompanies such dispersion 
profoundly influence the rheological 
characteristics. 

3. Changes in the degree of dis- 
persion in either direction can be 
brought about by chemical means. 

4. The clay-volume test is useful as 
a guide in the control of dispersion. 
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INTRODUCTION 


The commercial neutron-gamma log measures the in- 
_tensity of gamma-rays produced by the interaction of 
neutrons with nuclei in the formation and in the bore 
hole. This measurement gives information concerning 
the distribution of neutrons around the neutron source, 
and in particular gives information on porosity or fluid 
content. 

Another type of information is contained in the fre- 
quency or energy spectrum of the neutron capture 
gamma-rays. The capture gamma-rays of each element, 
in fact of each isotope, have only those energies charac- 
teristic of that isotope.*? The neutron capture gamma- 
ray spectrum, if obtainable, would permit the identifica- 
tion of the elements producing the spectrum. Such infor- 
mation would have considerable value in oilfield explora- 
tion work if it could be applied practically in well 
logging. 

Experiments have been carried out at the La Habra 
Laboratory of California Research Corp. to determine 
the feasibility of a method of well logging in which neu- 
tron capture gamma-ray spectra are measured down 
hole. In these experiments, spectra were obtained for 
artificial formations under simulated borehole condi- 
tions, using actual borehole geometry. This paper will 
describe the experimental apparatus and methods and 
will present the spectrum curves for several formations. 


RY 

Basic FORMULAS 

The neutron capture cross section of an element is a 
measure of its tendency to capture neutrons. The macro- 
scopic cross section, or cross section per cubic centime- 
ter, of a material composed of several elements is the 
sum of the cross sections of the nuclei making up 1 cc 
of the material. This is expressed in the equation 


where =; is the macroscopic cross section, o; is the cross 
section of a nucleus of type i, and n; is the number of 
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nuclei of type i/cu cm. If N is the number of neutrons 
absorbed per second by the composite material, then the 
number captured by element j is 


N,= 


Sie, (2) 


When the nucleus captures a neutron, a new nucleus 
is formed, which is usually in an excited state and falls 
to its ground or unexcited state by emitting one or more 
gamma-ray quanta.* The emission spectrum has been 
measured for many elements (see Table 1). 

The intensity of gamma-rays produced by an element 
is proportional to the number of neutrons captured per 
unit time by the element, which in turn depends on the 
capture cross section of that element and the capture 
cross sections of the other elements present which are 
competing with the first element for thermal neutrons. 
In a small sample of material the number of neutrons, 
N, captured per second is 

N = $32, (3) 
where ¢ is the thermal neutron flux and ¥, is the macro- 
scopic cross section defined above. The number of 
neutrons captured by element j is 


N, = $njo, = N 
B 


The number of gamma-ray quanta of energy, E, pro- 
duced per unit time by element, j, is 


where P(E) is the emission probability of element, j, for 
this gamma-ray energy. 


BOREHOLE EFFECTS 

The capture gamma-ray spectra of many elements 
have been measured accurately in academic and govern- 
ment laboratories. These measurements are made on 
small samples, and from these measurements the emis- 
sion spectra of the elements are obtained. 


*This nucleus may now be either stable or radioactive. If radio- 
active, it will emit (usually) a beta particle and one or more ad- 
ditional gamma-rays. The gamma-rays of this induced radioactivity 
are emitted after an appreciable delay and are not the subject of 
the present discussion. This method can be used to detect some ele- 
ments; e.g., aluminum, very readily. 
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TABLE 1—THERMAL NEUTRON CAPTURE CROSS SECTIONS AND NEUTRON 
CAPTURE GAMMA-RAY SPECTRA OF ELEMENTS COMMONLY ABUNDANT 
IN EARTH FORMATIONS. 

(Values States are for the Most Abundant Isotope of the Element) 

Cross Section Gamma-Ray Emission 
Element (Barns) Energy (mev) Probability 
Hydrogen 0.30 2.23 1.0 
Carbon 0.0047 4.95 0.49 


Oxygen 0.0012 
Magnesium 0.06 8.16 0.09 


Aluminum 0.22 7.72 


Silicon 0.13 6.40 


Sulfur 0.49 5.43 
Chlorine 32.4 7.77 


Calcium 0.42 6.42 


OWAUD 


an 
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In borehole geometry, a spectrum as seen by the 
detector in the borehole is not the same as that of a 
small sample. 


The spatial distribution of thermal neutrons has an 
important effect on the neutron capture gamma-ray 
spectra in borehole geometry. The density of neutrons 
diminishes with distance from the neutron source, of 
course. As the neutrons leave the source they are slowed 
down to thermal energy, and then become subject to 
capture. Very few are captured before slowing down. 
Neutron capture gamma-rays are produced throughout 
the formation according to the theory explained in the 
preceding paragraphs. 


Gamma-rays produced in the formation that reach 
the detector must traverse a certain amount of forma- 
tion and pass through the drilling fluid and the detector 
housing. During this travel, many of the gamma-rays 
undergo Compton scattering in which they lose some 
energy in,a collision with an electron. Thus, many of the 
gamma-rays arrive at the detector with energy different 
from their original energy. These gamma-rays degrade 
the spectrum by creating a background that gives little 
or no information as to the origin of the gamma-rays. 


In carrying out experiments to determine the feasibil- 
ity of making spectral measurements down hole, it was 
essential that actual borehole geometry be used in full 
scale to evaluate this degradation effect. As the experi- 
ments show, a sufficient number of quanta reach the 
detector without scattering to permit identification of 
the more intense gamma-rays and the elements produc- 
ing them. 


DETECTOR EFFECTS 


Another complicating matter may be mentioned here. 
The spectra were measured with a scintillation spectro- 
meter using a thallium activated sodium iodide crystal. 
In this method the gamma-ray photons produce electri- 
cal pulses whose amplitude is proportional to the energy 
transferred from the photon to the crystal. There are 
several ways in which the photon may interact with the 
crystal to transfer part or all of its energy. Thus, the 
electrical pulse height spectrum is not the same as the 
spectrum of the gamma-rays producing it. It does, how- 
ever, show characteristic peaks which are interpretable 
in terms of the gamma-ray spectrum, as has been dis- 
cussed in the literature.* 


Gamma radiation interacts with the crystal by means 
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of: (1) the Compton effect, in which the gamma-ray 
recoils losing only a portion of its energy to an electron, 
(2) the photoelectric effect, in which the gamma-ray 
essentially loses all of its energy to an inner atomic 
electron, or (3) electron-positron pair production, in 
which the gamma-ray is converted into the electron- 
positron pair while passing near a nucleus. The Comp- 
ton interaction yields an amount of energy to the crystal 
that varies with the angle of collision and so gives a 
broad continuous background of pulses. These are of 
little use for the work reported here. 

The photoelectric effect yields the full gamma-ray 
energy to the crystal and helps give a spectrum Iine for 
the relatively low energy neutron capture gamma-ray 
from hydrogen. However, much of the intensity of the 
spectrum line for hydrogen probably comes from a com- 
bination of processes, such as Compton scattering fol- 
lowed by the photoelectric effect within the crystal. 

For higher energy gamma-rays, there is little photo- 
electric-type interaction and electron-positron pair pro- 
duction becomes important. This interaction has a 
threshold at a gamma-ray energy of 1.02 mev which is 
required to produce the masses of the electron and 
positron. The gamma-ray energy in excess of 1.02 mev 
appears as kinetic energy of the pair particles and is 
dissipated in the crystal. Hence, spectrum peaks from 
pair production generally present an energy that is less 
than the gamma-ray energy by 1 mev. 

The positron and electron are stopped in the crystal 
essentially instantaneously as compared to the decay 
time of the scintillation process which is about % micro- 
second. The positron then combines with an electron to 
produce two “annihilation quanta” each 1% mev in ener- 
gy. For the data presented in this article, both of these 
quanta generally escape the crystal. Occasionally, one of 
them may be absorbed in the crystal by the photoelec- 
tric effect, in which event its energy is added in with 
the kinetic energy of the electron-positron pair to give 
a spectrum peak with an energy 1% mev less than that 
of the gamma-ray. 


EXPERIMENTAL APPARATUS 


The experimental apparatus consisted of a steel tank 
to hold the artificial formation, a pipe in the center of 
the tank to define the borehole, a logging sonde con- 
taining the neutron source, scintillation detector, and 
pre-amplifier, and, external to the sonde, a linear ampli- 
fier, power supplies, and pulse analyzing equipment. 

Fig. 1 shows a schematic drawing (not to scale) of 
the tank and the apparatus contained in it. The tank was 
3% ft in diameter and 5 ft high, which made it essen- 
tially infinite; that is, the number of neutrons escaping 
from the tank did not affect the spectra significantly. 
The neutron source was polonium-beryllium. The sonde 
was centered in the hole for the data shown; however, 
for the borehole sizes that were used, the radial posi- 
tion of the sonde was found to have little effect on the 
spectrum. 


The maximum amplitude of pulses from the pre-amp 
was a few hundred millivolts. The pulses were amplified 
in the linear amplifier to a maximum of about 100 v. 
The amplitude range of pulses analyzed was usually 
about 20 to 90 v. Pulse height analysis was carried out 
with a single channel discriminator, usually with a chan- 
nel width of 1 v, so that the spectrum covered about 
70 channels. The low-amplitude portion of the curve 
was frequently traversed with %4-v channels in order to 
resolve better the low energy spectral peaks. An auto- 
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3.05 0.36 

3.92 0.83 
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matic programmer was used to move the channel posi- 
tion at preset intervals and thus sweep the spectrum. 
At the end of each interval an automatic printer re- 
corded the counts for that interval on adding-machine 
tape. 

The detector itself, as noted previously, consisted of 
a thallium-activated sodium iodide crystal and a photo- 
multiplier tube. The photomultiplier tubes used were 
Dumont K-1185 and 6292, and RCA 5819, 6345, and 
6655. The crystals were either cemented directly to the 
photomultiplier tube, or they were cemented to a glass 
plate which was then optically coupled to the photomul- 
tiplier tube with silicone oil. An aluminum cup covered 
the crystal, and a reflecting surface was obtained by 
filling the space between cup and crystal with magne- 
sium oxide powder, or by coating the cup inner surface 


with a layer of magnesium oxide through a smoking — 


process. 
The resolution of the spectrometer for most of the 


_data was between 7 and 8 per cent for the cesium-137 


0.67 mev gamma-ray. Because of the complexity of the 
spectrum, and the fact that some of the spectral peaks 
of interest are only slightly above background, the best 
possible resolution is necessary to obtain satisfactory 
results. 


RESULTS AND DISCUSSION 


The artificial formations that were studied consisted 
of crushed or loose material contained in the tank. Such 
a formation has a porosity of 35 to 50 per cent. The 
pore spaces were usually filled with water or brine. The 
borehole diameter was usually 8 in., but satisfactory 
runs were made in 6- and 10-in. holes, and some of the 
results of those runs will be shown. It was found that a 
weighted drilling mud (120 lb/cu ft) had practically the 
same effect as water in the borehole, so for many of 
the runs, fresh water was used as the drilling fluid. 

The relation between pulse height and energy was 
determined by using radioactive materials emitting 
gamma-rays of known energy. Having determined the 
SIGNAL TO 
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energy of a peak in the capture gamma-ray spectrum, 
the identity of the gamma-ray and element producing it 
was established by referring to information of the type 
contained in Table 1. 

Neutron capture gamma-ray spectra for the following 
artificial formations are presented below: sand and fresh 
water, sand and salt water, crushed limestone and fresh 
water, crushed dolomite and fresh water, and synthetic 
anhydrite or gypsum (a mixture in the proper propor- 
tions of CaCO, and sulfur—the carbon has no effect) 
and fresh water. 

The statistical limits shown on the points are standard 
deviations (plus and minus). Where no limits are shown, 
they are implied by the dot size. 


SAND AND FRESH WATER 


Fig. 2 shows the spectrum obtained for the formation 
of sand and fresh water. A strong spectral peak corre- 
sponding to a gamma-ray energy of 2.23 mev is seen 
that is produced by the 2.23 mev capture gamma-ray of 
hydrogen. Detection by the crystal is through the photo- 
electric interaction. The next strongest peak is at 3.93 
mev and is from electron-positron pair production in 
the crystal by the 4.95 mev gamma-ray of silicon. 

Both annihilation quanta from the positron escape the 
crystal for this peak. The energy corresponding to the 
pulse height of each spectrum peak is shown on the 
curves, together with the energy of the gamma-ray pro- 
ducing that peak and the element emitting the gamma- 
ray. No peaks are seen from the gamma-rays of oxygen; 
the oxygen gamma-rays are too weak to be detected 
because of oxygen’s low thermal neutron capture cross 
section. 


SAND AND SALT WATER 

Fig. 3 shows the spectrum for a formation of sand 
and salt water. It is seen here that a small amount of 
chlorine has a strong effect. The pair production peak 
of the 6.1 mev gamma-ray of chlorine, at 5.1 mev, is 
stronger than the strongest silicon peak. The capture 
cross section of chlorine is about 300 times that of sili- 
con. The salinity of the brine was about 40,000 ppm. 
The weight of salt used here was 100 Ib, and the weight 
of sand (SiO.) was about 4,000 Ib. 


LIMESTONE AND FRESH WATER 
Fig. 4 shows the spectrum of crushed limestone (98 


10,000 
2255: 


6,000 (H- 2.23) Till 


4,000 
2.5 
(Si-3.6) 


1,000 


) 


PER CHANNEL 
in 
ro) 
fe) 

o 
pt 
a 


COUNTS 
fe) 


fo} 


200 


2 =] 4 5 6 
ENERGY - MEV. 


Fre. 2—SAND AND FRESH WATER. 


99 


| 


20,000 
w 
2 
= 
3:95 | 
(Si-4.95) | 
a 5.1 
4.5 1-6. 
a | (Si- 4.95) 
| | 
z i} 
8 | 
| i 
] T | 
| | | 
6 T | 
400 
3 5 € 


4 
ENERGY — MEV. 
Fic. 3—Sanp anp Water. 


per cent CaCO,) and fresh water. Neither the carbon 
nor the oxygen emitted gamma-rays of sufficient inten- 
sity to produce a spectrum peak, although their gamma- 
rays are known to be present. If gamma-ray detectors 
of resolution of the order of 1 per cent are later devel- 
oped, the gamma-rays of carbon, at least, might be 
detected and identified. In this work, 4.43 mev gamma- 
rays from carbon excited by inelastic scattering of fast 
neutrons from a polonium-beryllium source were ob- 
served when the artificial formation tank was filled 
with oil only. With sand present also, these gamma-rays 
were obscured entirely. It might be mentioned here that 
there are other nuclear reactions, specifically with high 
energy neutrons from an accelerator, in which carbon 
and oxygen participate strongly and produce intense 
gamma-rays that are detectable in borehole geometry.” 


DOLOMITE AND FRESH WATER 


Fig. 5 shows the spectrum for dolomite and fresh 
water. Dolomite, chemically, is magnesium-calcium- 
carbonate. Its neutron capture gamma-ray spectrum is 
not much different from that of limestone, as is seen by 
comparing Figs. 4 and 5, because magnesium is another 
element having a comparatively low capture cross sec- 
tion. There is some evidence of a peak at 2.9 mev for 
the 3.9 mev gamma-ray of magnesium. The calcium 
peak is less intense in the dolomite spectrum than it is 
in the limestone spectrum. It should be mentioned that 
on the dolomite curve, the 5.4 mey peak of calcium is 
displaced in pulse height because, for this particular 
run, the amplifier was nonlinear in this region. For all 
other curves shown, the amplification was linear, and 
there is a linear relation between pulse height and 
energy. The identical pulse height-energy relation does 
not hold for different curves, because different amplifi- 
cation factors were used as desired. 


ANHYDRITE AND FRESH WATER 


A mixture of calcium carbonate and sulfur was made 
with equal elemental amounts of calcium and sulfur, to 
produce a synthetic anhydrite or gypsum. The spectrum 
for this formation is shown in Fig. 6. Here spectrum 
peaks are seen from the 4.8 and 5.4 mey gamma-rays 
of sulfur in addition to those of calcium. The sulfur 
peaks produce a distinct difference between this spec- 
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trum and the limestone and dolomite spectra of Figs. 
4 and 5. 


FRESH WATER VS SALT WATER 


In Fig. 7, the spectra of Figs. 2 and 3 for sand-fresh 
water and sand-salt water are redrawn with their hori- 
zontal axes normalized to the same energy scale and 
their vertical axes normalized to the same counting 
time. This permits a direct comparison of the two curves 
and shows the effect of the addition of the salt, The 
salinity of the salt water is about 40,000 ppm. The 
counting rate at 5.1 mev is doubled by the addition of 
the salt. 


Size EFFECT 


Fig. 8 shows the effects of different hole sizes. These 
spectra were taken for formations of sand and fresh 
water in 6-in. and 10-in. holes filled with drilling fluid 
weighted to 120 lb/cu ft. The most important result of 
the comparison is that the two curves have essentially 
the same spectral quality. The spectrum for the 10-in. 
hole shows a stronger hydrogen peak, which is expected 
because of the greater amount of water in the vicinity 
of the detector from the larger hole. The spectrum for 
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the 6-in. hole shows a higher counting rate in the 
higher energy region. On the 6-in. curve, the smaller 
silicon peaks are stronger than on the 10-in. curve. 

These effects are expected not only because of the 
smaller amount of hydrogen in the 6-in. hole than in the 
10-in. hole, but also because with the 6-in. hole the 
sand is much closer to the detector (normally the tool 
was centralized). Im the 10-in. hole, the radial position 
of the sonde was found to have some effect on the total 
counting rate, but did not appreciably affect the quality 
of the spectra. 


PoRosITYy 
The porosities of the artificial formations studied 
were much greater than those of natural rock forma- 
tions. The significance of this difference was evaluated 
by studying spectra for samples of crushed rock that 
were first saturated with water and then drained. The 


water retained was about equal to that present in many 


natural rock formations. The same quality spectra were 
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obtained for this situation. Since hydrogen is the princi- 
pal agent for determining the spatial distribution of ther- 
mal neutrons, these results indicate that the data pre- 
sented in this article are comparable to those that would 
be obtained for natural rock. 

Only a limited number of formation types are dis- 
cussed in this article. Other formation types, containing 
other elements than those studied here, would be ex- 
pected to yield usable neutron capture gamma-ray 
spectra. 


U N'S 


Neutron capture gamma-ray spectra were obtained 
under simulated borehole conditions for artificial forma- 
tions of sand and fresh water, sand and salt water, lime- 
stone and fresh water, dolomite and fresh water, and 
synthetic anhydrite and water. Qualitative analysis for 
hydrogen, chlorine, calcium, silicon, sulfur, and magne- 
sium was possible. The various formations could be 
identified by their neutron capture gamma-ray spectra. 
These spectra were obtained under open-hole type con- 
ditions, with a polonium-beryllium neutron source and a 
scintillation spectrometer. The success of these experi- 
ments demonstrates that the same type of spectral infor- 
mation could be obtained in a well. 

Spectra taken in different hole sizes showed that the 
effect of drilling fluid is negligible and that spectra can 
be taken in holes at least 10 in. in diameter. Compari- 
son of the sand-fresh water and sand-salt water curves 
indicated that the spectra can be used to obtain infor- 
mation on the salinity of formation water, or related 
information such as the elevation of an oil-salt water 
interface. 
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ASB=s- 


A method is presented for calculating the pressure 
depletion performance of a gas-condensate reservoir 
from the original reservoir fluid composition using the 
laboratory determined pressure-production history and 
retrograde liquid accumulation as guides. Equilibrium 
vaporization ratios for this calculation were modified 
from published data until the calculated dew point 
pressure and retrograde liquid accumulation agreed 
with the values observed in the laboratory. 

The calculated results are compared with the pro- 
duced gas composition determined by low temperature 
analysis during constant volume laboratory experiments 
of pressure depletion behavior. This comparison shows 
that the calculation procedure is adequate for deter- 
mination of gas phase composition. 

Data from field separation tests in low temperature 
separators are presented which verify the applicability 
of published equilibrium vaporization ratios for a wide 
range of separator conditions. 


INTRODUCTION 


A reliable prediction of the pressure depletion per- 
formance of a gas-condensate reservoir is necessary in 
determining reserves and evaluating field separation 
methods. The predicted performance is also used in 
planning future operations and studying the economics 
of projects for increasing liquid recovery. Because the 
flow of fluid in a volumetric gas-condensate reservoir is 


Original manuscript received in Society of Petroleum Engineers 
office on July 16, 1956. Revised manuscript received on Jan. 11, 
. Paper presented at Petroleum Branch Fall Meeting in Los 
Angeles, Oct. 14-17, 1956. 

Discussion of this paper is invited. Discussion in writing (3 
copies) may be sent to the offices of the Journal of Petroleum 
Technology. Any discussion offered after Dec. 31, 1957, should 
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usually single phase flow, the pressure-depletion per- 
formance is primarily a function of the phase behavior 
of the reservoir fluid. 

The properties of a gas-condensate system of major 
importance are: (1) compressibility factor at reservoir 
temperature and pressure; (2) dew point pressure; (3) 
composition changes of the vapor phase with pressure 
depletion; (4) recovery of original in-place hydrocar- 
bons at any pressure; and (5) retrograde condensate ac- 
cumulation. 

These properties are most generally determined by 
a pressure depletion-type experiment on recombined 
separator gas and liquid samples in the laboratory. 
Ideally the pressure-depletion performance can be cal- 
culated from the composition of the original reservoir 
fluid if the reservoir temperature and initial pressure 
are known.”** It has been reported “.. . compari- 
son of such computations with depletion-type ex- 
periments on recombined samples in the laboratory have 
yielded results that appeared to be entirely adequate.” 
The success of such calculations is determined by the 
equilibriuin vaporization ratios chosen, especially those 
for the higher boiling point hydrocarbons. 

It is the purpose of this paper to present a method 
for computing the change in composition of the vapor 
phase during pressure depletion by production using 
laboratory determined properties of the system to guide 
the calculation and to illustrate the use of the method 
with data from the Cockfield “D” sand of Washington 
field, St. Landry Parish, La. Results of field tests and 
laboratory analysis are included. As a result of this res- 
ervoir fluid study, a cycling program has been evaluated, 
the field has been unitized, and the cycling started in 
July, 1956. 


1References given at end of paper. 
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FIELD SAMPLING 


During testing of the first three wells completed, 
companion separator gas and liquid samples were col- 
lected for laboratory analysis. Production test data ob- 
served during the sampling were very similar and the 
results for a typical well are summarized in Table 1. 
Test data for three flow rates were obtained for each 
well over a two or three day period. The wells were 
shut in at night. Total gas production while on test was 
less than 3 MMcf and the producing rates which varied 
from test to test were in the range of 0.7 to 3.6 
MMcf/D. Production through calibrated equipment per- 
mitted frequent determinations of the separator gas- 
condensate ratio. When this ratio had remained con- 
stant for two hours under the conditions of the largest 


flow rate, the samples were taken. Comparison of the 


gas-condensate ratio tests of the sampled wells with 
tests of other wells indicated that the properties of the 
_Teservoir fluid were constant throughout the reservoir. 


LABORATORY 


In the laboratory two of the companion separator gas 
and liquid samples were recombined in their produced 
ratio and the pressure depletion performance of each 
sample was measured. The third sample was not anal- 
yzed because the results obtained from the two sam- 
ples compared favorably. 2 

The laboratory equipment consists of two equilibrium 
cells contained in an air bath; a double barrel, power- 
driven, volumetric mercury pump; and auxiliary equip- 
ment for measuring pressure, temperature and gas phase 
production. One of the cells is equipped with windows 
for visual observation of the fluids in the cell. Approxi- 
mately 18 per cent of the total volume of the cell is 
below the window level. The cells are arranged so that 
they may be used either separately or as a single unit 
and either as variable or constant volume equipment. 

The equipment is operated as a variable volume sys- 
tem when determining dew point pressure and compres- 
sibility factor of the recombined sample at reservoir 
temperature. Sufficient quantities of the recombined 
sample are charged to the windowed cell to give pres- 


sures several hundred psi above the dew point pres-~— 


sure. With the sample at reservoir temperature and 
confined to the volume above the window in the win- 
dowed cell, the pressure is lowered by removing mer- 
cury from the second cell. The volume of the system 
is increased until condensing liquid may be seen in the 
windowed cell. 

Pressure-volume measurements are recorded at regu- 
lar intervals for calculation of the compressibility fac- 
tor. After observation of the dew point the volume of 
the system is increased further to obtain data for one 
or two compressibility factor determinations below the 
dew point. When the desired amount of data is ob- 
tained, all the recombined sample is returned to the 
windowed cell and the space it occupies is adjusted to 


TABLE 1—TEST DATA DURING SAMPLING 
Aug. 29, 1952 

3,075 psig 

93°F 


Test Date 
Flowing Tubing Pressure 
Flowing Tubing Temperature 
Separator Pressure 
Separator Temperature 
Separator Liquid Production 
Separator Gas Production 
Separator Water Production 
Separator Gas-Condensate Ratio 
Stock Tank Liquid 
Separator Gas-Stock Tank 

Liquid Ratio 
Specific Gravity of Separator Gas 6! 
Gravity of Stock Tank Condensate 57° API 


530 psig 
74°F 


12.12 bbi/hr 
133.4 Mcf/hr @ 15.025 psia and 60° F 


11,007 cu ft/bb! 
9.38 bbl/hr 


14,222 cu ft/bbl 
0.688 
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the volume required for the pressure depletion experi- 
ment. 

The average dew point pressure was 56 psi higher 
than the original average BHP of 4,580 psig. For the 
two samples the deviation between the laboratory dew 
point pressure and the recorded BHP of the well at the 
time of sampling was 16 and 90 psi. The data indicate 
that the reservoir fluid was at the dew point under 
original reservoir conditions and all calculations are 
based on this conclusion. The visual determination of 
the dew point was aided by marked color changes in 
the gas-condensate system. 

The compressibility factor was calculated from pres- 
sure-volume measurements over a range in pressure 
from 200 psi below the dew point to 400 psi above. 
The average compressibility factor of 0.929 at initial 
reservoir conditions gives an original gas in place value 
of 1.50 Mcf/bbl of hydrocarbon pore space. 

While determining the pressure-production perform- 
ance, the equipment is operated at a constant volume 
with the two cells connected together. Gas phase ma- 
terial is removed from the top of the windowed cell by 
production into a measuring system. The retrograde 
liquid accumulation is determined by pumping mercury 
into the windowed cell and measuring the incremental 
volume of mercury required to raise the gas-retrograde 
liquid contact and the mercury-retrograde liquid con- 
tact to window level. 

A check on the dew point pressure was obtained in 
depleting the pressure on the system by production with 
the cell at a constant volume. This dew point pressure 
agreed with what previously obtained in the variable 
volume study. A sample of the fluid produced in re- 
ducing the cell pressure to the dew point pressure was 
collected for low temperature fractional analysis. Other 
samples of the vapor phase material produced during 
pressure depletion below the dew point were obtained 
for analysis at pressure intervals of approximately 600 
psi. A sample of the condensed liquid remaining at ap- 
proximately 500 psig was also analyzed. The retrograde 
liquid. accumulation was measured at intervals cor- 
responding to about 300 psi pressure reductions. Meas- 
urement of the volumes of vapor phase material pro- 
duced enabled the determination of the pressure-produc- 
tion performance of the sample. This performance was 
reported at per cent of hydrocarbons in place at the 
dew point produced vs pressure. The compressibility 
factor, the pressure-production performance and _ the 
retrograde liquid accumulation for one of the pressure 
depletion experiments are shown in Fig. 1. 

Material balance checks on total hydrocarbons han- 
dled and on individual components were made for the 
system. Only small differences existed when comparing 
the total material charged to the equilibrium cell with 
the amount produced and remaining at low pressure. 
Material balances on individual components using the 
results of the low temperature analyses and the pres- 
sure production performance were not nearly so good. 
The data obtained from the low temperature analyses 
were smoothed by changing the composition at each 
analysis point by trial and error until material balance 
checks were obtained on each component. The smoothed 
values for one sample are compared with individual 
data points in Fig. 2. 

The change in composition of the produced gas dur- 
ing the various pressure depletion steps was used to 
calculate the recovery of the individual components. 
For the two samples, the recoveries for butanes and 
lighter were 87.6 and 86.0 per cent, respectively, of 
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the amount in place initially at the dew point pressure. 
The pentanes plus in the two original samples aver- 
aged 66.1 bbl/MMcf and their recoveries to a final cell 
pressure of 500 psig were 48.0 and 48.9 per cent of that 
initially in place at the dew point pressure. 


FIELD TESTS 


In Oct., 1954, nine months after the start of gas 
sales from the field, samples of the liquid and gas stream 
were taken at the low temperature separator, the low 
pressure separator and the stock tank. Recombination 
of these samples resulted in a fluid composition that 
has been accepted as best representing the reservoir fluid 
of the field. A comparison of the fluid compositions 
determined from the laboratory recombined sample 
and the field test samples is shown in Table 2. A sum- 
mary of the field test conditions is presented in Table 3. 

Stage separator flash calculations at the actual oper- 
ating temperatures and pressures of the field installa- 
tion were made to compare calculated recovery with 
actual recovery and to compare calculated composi- 
tions with the actual analysis. The calculated stock tank 
recoveries in bbI/MMcf of sales gas using the labora- 
tory determined composition and the field test composi- 
tion were 80.6 and 78.7, respectively. Actual average 
production for nine months was 78.6 bbI/MMcf. The 
reservoir fluid composition obtained from the field test 
analysis was used to calculate the theoretical compo- 
sitions at the various sample points. These data are pre- 
sented for comparison with the actual analysis in Table 
4. The equilibrium vaporization ratios used were those 
presented by Winn’. 


In July, 1955, another series of separator gas and 
liquid samples from a high pressure separator were col- 
lected at separator pressures of 1,026, 1,306 and 
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TABLE 2—COMPARISON OF RESERVOIR FLUID COMPOSITIONS 


Laboratory Mathematically Recombined 

Component Recombined Sample Field Test Sample 
ethane 82.31 82.09 
5.53 5,56 
Propane 3.95 4.31 
Iso-butane 1.11 1.12 
N-butane 1.38 1.44 
Iso-pentane 71 
N-pentane -64 
Hexanes 1.10 -83 
Heptanes plus 3.33 é 3.43 
100.00 100.00 


TABLE 3—FIELD TEST DATA—LOW TEMPERATURE SEPARATION 


Test Date Oct. 14, 1954 
Free Water Knockout Pressure 3,100 psig 
Free Water Knockout Temperature 90°F 

LTX Pressure 


750 psig 
LTX Top Temperature 40°F 


LTX Bottom Temperature 85°F : 
Low Pressure Separator Pressure 85 psig 
Low Pressure Separator Temperature 75.F 


1,753 psig to check the equilibrium vaporization ratios 
used in evaluating methods of field separation. Gas and 
liquid compositions calculated using the equilibrium 
vaporization ratios of Winn are compared to the actual 
analysis in Table 5. Unfortunately, this series of tests 
was not made through calibrated equipment and the 
field gas-liquid ratio is not available for checking against 
the calculated ratio. A plot of the published K factors 
vs the normal boiling point is shown in Fig. 3 for a 
pressure of 1,306 psig and temperature of 63°. The 
test data are also shown. The results of these test data 
are also shown. The results of these tests justified the 
use of the published data in the study of field separation 
over a wide range of operating pressures. 


CALCULATION OF PRESSURE DEPLETION 
PERFORMANCE 


The general differential vaporization method of cal- 
culating the effect of retrograde condensation upon the 
gas phase composition outlined by Allen and Roe® was 
followed. A much more detailed explanation of the 
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TABLE 4—COMPARISON OF CALCULATED AND ACTUAL ANALYSIS 
COMPOSITIONS FOR LOW TEMPERATURE SEPARATOR TEST 


GAS LIQUID 

Actual Mol Calculated Mol Actual Mol reas Mol 

Per Cent Per Cent Per Cent Per Cent 
High Pressure Separator 
Methane 90.11 89.97 
Ethane 5.34 5.39 730 
Propane 3.07 3.14 14.19 13.57 
Iso-butane .59 5.36 5.66 
N-butane -48 .58 9.07 8.30 
Ise-pentane 5.36 5.17 
N-pentane .09 .09 3.83 3.90 
Hexane -07 .05 6.89 7.07 
Heptane plus .08 29.86 30.37 

100.00 100.00 100.00 100.00 
Low Pressure Separator 
Methane 62.69 59.40 -96 1.70 
Ethane 15.38 14.78 3.26 3.32 
Propane 14.44 16.18 12.86 12.44 
lso-butane 3.09 3.50 7.55 6.60 
N-butane 2.81 3.88 10.36 10.22 
lso-pentane 1.04 6.65 6.96 
N-pentane SP -60 5.31 5.34 
Hexane .30 -36 9.73 9.98 
Heptane plus .26 43.32 

100.00 100.00 100.00 100.00 


method is presented by Organick and Meyer’. The 
necessary calculations were performed on a Model II 
IBM CPC using the general purpose control panels 
developed by Rachford and Peaceman’. The computa- 
tions of vapor liquid equilibrium were programmed for 
the digital computer by the widely used “twenty ques- 
tions” method described by Rachford and Rice’, 

Equilibrium vaporization ratios or K factors from 
the correlated data of Rzasa, Glass and Opfell’ were 
used for the calculations. Starting with values for 194°F 
and a convergence pressure of 5,000 psia as the first 
estimate, the factors were adjusted by trial until the ex- 
perimental dew point of 4,580 psig was matched by cal- 
culation. This occurred with a convergence pressure 
of 5,300 psig. The curve for the heptane plus fraction 
was estimated using the molecular weight and specific 
gravity as guides. The adjusted K values used in the cal- 
culations are shown plotted against pressure in Fig. 4. 
Reasonable agreement exists between the selected K 
factors and other published data and points determined 
from the laboratory analysis of this gas-condensate sys- 
tem. 
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After selecting the equilibrium vaporization ratios, 
the calculation was started using 4,580 psig as initial 
reservoir pressure and the composition as determined 
by the field tests of the low temperature separator in- 
stallation as the composition of the reservoir fluid. The 
main point of divergence from the reported method of 
computation was the use of laboratory pressure-produc- 
tion performance (per cent of in place hydrocarbons 
produced vs pressure in Fig. 1), to determine the amount 
of gas phase material removed or produced from the 
system during a pressure depletion interval. 


Use of the laboratory data eliminates the need of 
obtaining compressibility factors for the vapor phase 


TABLE 5—COMPARISON OF CALCULATED AND ACTUAL ANALYSIS 
COMPOSITIONS AT VARIOUS SEPARATOR CONDITIONS 


GAS LIQUID 
Actual Mol Calculated Mol Actual Mol Calculated Mol 
Per Cent Per Cent Per Cent Per Cent 


Test 1—Separator Pressure 1,026 psig—Separator Temperature 53°F 
91.28 90.05 25.9 


Methane 26.48 
Ethane 4.26 5.29 7.40 7.45 
Propane 2.84 11.28 12253) 
Butane 1.09 1.12 10.93 12.61 
Pentane -26 6.62 7.96 
Hexane .08 .07 5.46 6.12 
Heptane plus he .08 32.40 26.85 
100.00 100.00 100.00 100.00 
Test 2—Separator Pressure 1,306 psig—Separator Temperature 64°F 
Methane 90.86 89.87 33.80 31.53 
Ethane 4.15 5.26 8.00 7.51 
Propane 2.89 3.17 11.31 11.73 
Butane 1.38 1.19 10.21 11.41 
Pentane .36 6.71 7.19 
Hexane 19 -08 5.74 5.65 
Heptane plus 24.23 24.98 
100.00 100.00 100.00 100.00 
Test 3—Separator Pressure 1,753 psig—Separator Temperature 77°F 
Methane 89.59 89.36 41.83 38.85 
Ethane 4.19 5.24 7.62 7.48 
Propane 3.33 3.28 11.85 10.42 
Butane 1.68 1.36 8.32 9.70 
Pentane .40 5.12 6.11 
Hexane .29 15 4.79 4.87 
Heptane plus .37 21 20.47 22°57; 
100.00 100.00 100.00 100.00 
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from pseudo critical temperature and pressure correla- 
tions. Another change was the assumption that the 
compositions of the produced gas during an interval was 
equal to the composition of the vapor phase at the start 
of the pressure depletion step. 

An improved method of determining the composition 
of the gas to be removed from the system would be to 
assume a composition equal to the arithmetic average 
composition of the vapor phase at the start and final 
pressure of an interval. This computation properly per- 
formed would require iterative procedures to determine 
the average composition of fluid removed in each step. 
Limited machine storage and programming for as auto- 
matic a computation as possible eliminated the latter 
method for use with the CPC although it will be used 
when the computation is programmed for the magnetic 
drum calculator now available. 

The first pressure reduction interval was 280 psi and 
all subsequent intervals represented 300 psi steps. The 
calculation was continued to a final pressure of 400 
psig. The volume occupied by the liquid phase at the 
end of each pressure depletion step was determined 
from the phase composition by the method of Standing 
and Katz’. 

During the first prediction the equilibrium vaporiza- 
tion ratios for the heptane plus fraction were used as 
originally drawn. The molecular weight and _ specific 
gravity of the heptane plus fraction in the liquid phase 
were assumed to remain constant at 144 and 0.788, re- 
spectively. The calculation procedure was then repeated 
just as before except that the K factor for the heptane 
plus fraction was changed by trial until the calculated 
volume of condensed liquid agreed closely with the 
laboratory observed data. The properties of the heptane 
plus fraction were assumed to remain constant. The final 
values of K factors for heptane plus used in this calcu- 
lation are shown in Fig. 4. The calculated change in 
composition of the vapor phase is plotted in Fig. 5. 
There is little difference in the calculated change in 
composition for the methane through pentane frac- 
tions in the two computations performed. The changes 
in composition for the hexane and heptane plus frac- 
tions calculated using the original K factors are also 
shown in Fig. 5. 


The calculated volumes of retrograde condensate for 
the two computations are shown in Fig. 6 along with 
the curve of the laboratory observed data redrawn from 
Fig. 1. The fourth set of data on Fig. 6 represents the 
volumes calculated using an estimate of the change in 
properties of the heptane plus fraction with pressure 
depletion of the system and the liquid phase compo- 
sitions determined by changing the K factors for the 
heptane plus factor. The properties used in this latter 
case were estimated from the change in molecular 
weight and specific gravity of the produced gas observed 
in the laboratory experiments. The estimated values for 
the molecular weight of the liquid and vapor phases 
and the laboratory observed data are plotted in Fig. 7. 


COMPARISON OF CALCULATIONS WITH 
LABORATORY WORK 


One of the assumptions for the calculations was that 
the calculated retrograde liquid accumulation should be 
equal to that observed in the laboratory. The original 
laboratory data used as guides in the calculations are 
shown in Fig. 1. The volume of retrograde liquid ob- 
served in the laboratory are compared in Fig. 6 with 
the computed volumes for the three conditions imposed 
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on the calculations. The volumes computed using the 
estimated properties for the heptane plus fraction are 
shown primarily for comparison with the volume cal- 
culated using constant properties for this fraction. The 
effect of this change is relatively small and no attempt 
was made, nor believed to be necessary, to change the 
over-all calculation so that these volumes would match 
the laboratory data. 

Original laboratory data of the change in composi- 
tion of the vapor phase during pressure depletion are 
shown in Fig. 2. The calculated data are plotted in Fig. 
5. For a better comparison, the calculated and labora- 
tory data for the individual components are plotted 
separately in Fig. 8 so there will be no overlap and the 
differences may be easily seen. The composition from 
the low temperature separator installation which was 
used as a starting point in the calculation agrees very 
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well with the laboratory data. The propane fraction is 
an exception and for this component it appears that 
the molecular per cent used was high. The data for 
the pentane and heptane plus fractions show that both 
declined more in the laboratory experiment that did the 
calculated values. 

The agreement between the laboratory observed data 
_and the calculated change in vapor phase composition 
is very good. The differences that do exist are due in 
part to the fact that changing the K factor for the hep- 
tane plus fraction can not correct the values from pub- 
lished data to the true K factors for the system. Ex- 
perience has also demonstrated the difficulty of sam- 
pling and transferring to the fractionating column a 
sample of gas containing small amounts of the pentane 
plus fractions. The trend of experimental error in anal- 
ysis of such samples is to yield low results for the 
heavier components which is what the data shown in 
Fig. 8 indicate. i 

The method of computation outlined has been ap- 
plied to another laboratory sample and the agreement 
of calculated and observed results was similar to the 
agreement shown for the data presented in this paper. 


CONCEUSLION'S 


The agreement of data from field tests, laboratory 
analysis and engineering calculations and the relation- 
ship of each part of the data to be predicted perform- 
ance of a gas-condensate system has been presented. 

It has been shown that samples collected during 
initial field tests of relatively short duration were rep- 
resentative of the reservoir fluid. Although the com- 
position calculated from separator samples taken after 
nine months of production has been accepted as being 
more representative of the reservoir fluid, the compo- 
sition as determined from the early test samples falls 
within the normal range of accuracy expected when de- 
termining compositions by recombining the low tem- 
perature analysis of liquid and gas samples in their 
produced ratio. 

The actual stock tank production for a nine month 
period agrees with the liquid recovery calculated using 
published equilibrium vaporization ratios. Field separa- 
tion tests at high pressure verify the applicability of 
the published K factor data over a wide range of separa- 
tor conditions. 

The calculated change in vapor phase composition 
with pressure depletion has been compared to the ex- 
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perimental data. This comparison shows that the phase 
behavior can be calculated by the method of matching 
calculated and laboratory observed retrograde liquid 
volumes as accurately as the vapor phase composition 
may be determined in the laboratory experiment of pro- 
ducing vapor phase material and making low tem- 
perature analysis of the produced fluid. 
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Fractional Balance Evaluation of Pressure Maintenance, 
Smackover Lime Gas Condensate Reservoir, 
McKamie-Patton Field, Arkansas 


ABS TRACT 


During the initial nine-year deple- 
tion of the McKamie-Patton pool 
gas-condensate reservoir, the pressure 
behavior and fluid analyses indicated 
pressure maintenance by gas injec- 
tion would be attractive relative to 
continued pressure depletion. As a 
result, a gas cycling program was 
inaugurated in Aug., 1949, which has 
since maintained reservoir pressure. 
In order to evaluate the benefits of 
this program, the recoveries for nat- 
ural depletion and for cycling fol- 
lowed by blowdown were determined 
by calculating the fractional balance 
of the molar quantities of vapor and 
liquid remaining in the reservoir and 
produced at the surface for various 
stages of depletion. The results of the 
investigation show theoretical ulti- 
mate recovery due to the cycling pro- 
gram will be 42 per cent greater than 
would be realized under pressure 
depletion type operation. 


INTRODUCTION 


The benefits of gas injection 
pressure maintenance programs _ in 
condensate reservoirs have been 
recognized and qualitatively described 
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in several papers’ * during the past 15 
years. Some of these papers also de- 
scribe methods for calculating 
the increased recovery realized from 
cycling; however, as a rule, hypo- 
thetical reservoirs were used as ex- 
amples’”. This paper presents an 
evaluation of the pressure mainte- 
nance program for the McKamie- 
Patton condensate reservoir and in- 
cludes a description of the fractional 
balance method employed to deter- 
mine the benefits. 


RESERVOIR DEVELOPMENT 
AND CHARACTERISTICS 


The McKamie-Patton pool, Lafay- 
ette County, Ark., was opened in 
June, 1940, with production obtained 
from the oolitic Smackover lime at a 
depth of approximately 9,300 ft. The 
structure is an anticline 8 miles long 
by 1 to 2 miles wide, and is one of 
many productive Smackover struc- 
tures in Southern Arkansas. 

Of predominant importance is the 
condensate-bearing gas cap portion 
of the reservoir, which covers approx- 


‘imately 4,000 acres, attains a maxi- 


mum thickness of some 200 ft, and 
has an average thickness of 90 ft. 
Development of the cap was accom- 
plished with 21 wells drilled on 160 
acre spacing. An isopach map of the 
cap is shown in Fig. 1. In addition, 


TReferences given at end of paper. 
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an oil rim is present along most of 
the periphery of the pool. Production 
practice includes field separation of 
black oil, and a high pressure gather- 
ing system which carries total well 
stream from gas cap wells to a plant 
where condensate is separated and 
the gas is processed for recovery of 
natural gasoline, butane, and pro- 
pane. Since the gas contains appre- 
ciable hydrogen sulfide, it is removed 
by amine contact, after which free 
sulfur is produced by the Claus 
process. 


Core analyses from 1,767 gas cap 
formation samples averaged 14.2 per 
cent porosity and 379 md dry air 
permeability. Connate water was re- 
stored on seven samples of gas cap 
rock by air-brine capillary techni- 
ques, from which the interpreted 
water saturation averaged 28.17 per 
cent. 


During the early life of the field, it 
was believed the recovery mechan- 
ism, based on several of the other 
regional Smackover reservoirs, might 
be a natural water drive, However, 
subsequent production and pressure 
history revealed that the gas cap 
would not be produced by water 
drive, but would behave as a closed 
reservoir. In this respect, during the 
nine-year period of natural depletion 
from initial production to Aug., 1949, 
the cap production of 84.3 billion 
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standard cu ft of gas plus 9.3 million 
bbl of condensate and plant products 
was accompanied by a pressure drop 
from the original 4,409 to 3,270 
psia. Analyses of fluid samples indi- 
cated retrograde condensation had 
occurred in the reservoir. Behavior 
predictions indicated continued pres- 
sure depletion would be inefficient 
relative to operation by pressure 
maintenance. As a result, the field 
was unitized in Dec., 1948, and a gas 
injection pressure maintenance pro- 
gram was inaugurated on Aug. 17, 
1949. Three producing wells shown 
in Fig. 1 were converted to gas injec- 
tion service. In addition to returning 
dry gas from the field gasoline plant, 
make-up volume necessary for reser- 
voir voidage replacement has been 
purchased from an outside source. 
Since that date, pressure has been 
maintained at approximately 3,270 
psia, thereby achieving the pressure 
level objective. 


FLUID CHARACTERISTICS 


SAMPLE ANALYSES 


Listed in Table 1 are compositions 
of the original gas cap fluid, reser- 
voir vapor phase at 3,270 psia, the 
gas injected, and the physical proper- 
ties of the heptanes plus fraction. 
The reservoir fluid composition was 
obtained from averages of 10 field 
samples. Five were obtained from 
three wells during the initial reser- 

voir development to represent the 
original fluid. Five were obtained at 
four wells at the 3,270 psia pressure 
level. Within the two groups the 
samples were in good agreement. 


CALCULATION OF PHYSICAL 
CONSTANTS OF HEPTANES 
PLUS FRACTION 

As may be noted in Table 1, the 
observed physical parameters of the 
heptanes plus fraction in the vapor 
phase varied between the two pres- 
sure intervals. From these measured 
values, new constants for the hep- 
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tanes plus fraction in the liquid 
phase were calculated by material 
balance. It was assumed that these 
properties at 3,270 psia would ade- 
quately represent the heptanes plus 
component in subsequent natural de- 
pletion, blowdown, and liquid revapo- 
rization. These calculated values, 
together with other properties, are 
listed in Table 2. 


CONVERSION OF MOLES TO 
VOLUMES 


The gas compressibility factors — 


necessary to convert vapor phase 
moles to volumes were calculated by 
the pseudo critical method. The 
method used in converting moles of 
liquid to reservoir volumes was that 
described by Brown’, et al. Hydrogen 
sulfide was assumed to exhibit an 
additive partial volume similar to the 
propane. Carbon dioxide and nitro- 
gen were assumed to behave similar 
to methane. 


EQUILIBRIUM RaTIos 


Equilibrium ratios (K-values) were 
derived from literature sources” 


Gas Injection Well 
“ Oil Producing Well 


SMACKoveR Gas Porosiry. Contour INTERVAL 40 Fr. 


R. 23 W. 


and adjusted to reproduce the ob- 
served reservoir vapor composition 
at 3,270 psia. Further adjustments 
in equilibrium constants of the hep- 
tanes plus fraction were made to 
account for its change in physical 
Properties after condensing into the 
liquid state at 3,270 psia. This was 
accomplished by the normal boiling 
point procedure. The resulting ratios 
are shown in Fig. 2. 


— FLUID PHASE BEHAVIOR 


GENERAL DESCRIPTION 


Knowing the initial fluid composi- 
tion, heptanes plus properties, and 
equilibrium ratios, the molar quanti- 
ties of vapor and liquid produced 
at the surface and remaining in the 
reservoir were determined for various 
stages of depletion. 


NATURAL DEPLETION 


Natural depletion phase behavior 
calculations assumed that all produc- 
tion is from the vapor phase of a 
constant volume reservoir, and that 
Over a particular pressure interval 


TABLE 1—-FLUID CHARACTERISTIC DATA 


Mole Fraction 


Original Fluid Vapor Phase’ 

Component (4410 psia, 230° F) (3270 psia, 230° F) Injected Gas 
COz .0437 .0452 
.0626 .0672 
Ne .1104 -1159 1080 
.5628 .5844 .8130 
CoHe .0652 -0662 :0624 
C3Hs .0349 .0333 .0150 
Butanes -0310 0280 .0016 
Pentanes 0196 .0165 
Hexanes 0155 .0089 
Heptanes plus 0543 0344 

1.0000 1.0000 1.0000 
Heptanes plus 
Specific Gravity 0.784 0.766 —- 
Molecular Weight 147.5 
Cubic feet of vapor at 60° F and 
1 atm. per gallon of liquid 16.82 18.43 — 

TABLE 2—PROPERTIES OF HEPTANES PLUS FRACTION 
4410 psia 3270 psia 
Vapor Liquid 

Specific Gravity 0.7840 0.766 veces 
Molecular Weight 147.5 13055 
Cubic feet per gallon 16.82 18.43 
Pseudo critical temperature’ 1128° R 1082° R 
Pseudo critical pressure® 345 psia 370 
Normal boiling point 55) 330° F 
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the composition of the entire system 
changes. Thus the equilibrium con- 
ditions imposed at the end of a pres- 
sure interval are on a system differ- 
ing in composition from initial con- 
ditions. by the amount of vapor 
needed to lower the pressure the 
required amount. The composition of 
this vapor is an average of the reser- 
voir gas at the upper and lower pres- 
sures. 


Mechanically the procedure of 
solving a particular pressure inter- 
val is as follows: the composition of 
the reservoir gas at the upper pres- 
sure, P;, is known; the composition 
of the reservoir vapor at the lower 
pressure, P., is assumed. The two 
compositions are averaged, resulting 
in the composition of the produced 
fluid. Then a number of moles of 
this produced fluid are assumed to be 
removed from the original system to 
lower the pressure the required 
amount. Equilibrium calculations at 
P, are carried out on the residual 
system, using the phase behavior 
equation: 


N, 


The moles of vapor and liquid thus 
calculated to be in the reservoir at 
P, are then converted to reservoir 
volumes by the equations: 


Liquid Volumes = (3) 
pO2 


Two checks must be made: first, 
between the calculated reservoir gas 
composition at P, (obtained from Eq. 
1) and the assumed values; and sec- 
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ond, between the calculated reservoir 
volume at P, (obtained from the sum 
of Eqs. 2 and 3) and the reservoir 
volume at initial conditions. The 
quantities being compared must 
agree for the step to be completed. 


The results of the calculations are 
shown in Figs. 3 through 6. Figs. 
3 and 4 show the changes in the 
reservoir vapor and liquid composi- 
tions with pressure. Fig. 5 illustrates 
the molar quantities of vapor and 
liquid remaining in the reservoir at 
various stages of depletion, and Fig. 
6 is a plot of the liquid saturations 
existing in the reservoir as a function 
of reservoir pressure. 


CYCLING AND BLOWDOWN 


The cycling operation is carried 
out at a constant pressure of 3,270 
psia. Therefore, the only phase 
changes in the reservoir are those 
which occur within the portion in- 
vaded by injected gas. Within this 
invaded portion, it was assumed that 
all of the condensate vapor would 
be removed, leaving a mixture of in- 
jected gas and condensed liquid. 
Fig. 6 shows this mixture, prior to 
revaporization effects, will have a 
composition of 11.8 per cent con- 
densed liquid; consequently, 88.2 per 
cent will be filled with injected gas. 
Inasmuch as the injected gas revapor- 
izes part of the liquid, the resulting 
change in phase composition was 
determined by trial and error until 
equilibrium was established. Fig. 6 
shows the liquid saturation after this 
equilibrium will be 1.8 per cent. 
Hence, the injected gas revaporized 
approximately 85 per cent of the 
previously condensed liquid. This 
final system was taken as the initial 
blowdown composition of the invaded 
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portion of the reservoir. The pro- 
cedure for obtaining the subsequent 
phase behavior of this mixture was 
identical to that employed under 
natural depletion calculations. Figs. 
7, 8 and 9 present the results of the 
calculations in terms of vapor and 
liquid compositions, and molar quan- 
tities of vapor and liquid remaining 
in the invaded portion of the reser- 
voir at various stagés of depletion. 

The remaining portion of the res- 
ervoir not invaded by injected gas 
was assumed to behave independently 
from the invaded portion as though 
natural depletion had continued, but 
deferred to the end of the pressure 
maintenance period. 


GAS CAP VOLUME AND 
INITIAL GAS IN PLACE. 


The gas cap volume was originally 
identified as contained between the 
gas-oil contact at —9,040 ft subsea 
and the structurally higher parts of 
the productive reservoir. Production 
performance of individual wells indi- 
cates only minor variation in the 
location of this gas-oil contact. Indi- 
vidual well history further indicates 
the gas cap volume has remained 
constant. 


Production and pressure data dur- 
ing the nine year period of natural 
depletion, together with fluid char- 
acteristics, provide the basic data to 
compute the gas cap volume by mate- 
rial balance. Based on repetitive 
results of calculation for seven incre- 
mental time-pressure-production peri- 
ods, the initial gas cap volume con- 
tained 1.748 billion reservoir cu ft. 
The accumulated production at the 
terminal pressure was 20.25 per cent 
of this value. From the results of the 
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phase behavior shown in Fig. 5, at 
this same pressure the accumulated 
production should be 20.74 per cent. 
On this basis, the original gas cap 
contained 1.725 billion reservoir cu 
ft. Converted to standard conditions 
(14.65 psia and 60°F), the volume 
of the initial gas was 439.6 billion cu 
ft. This is equivalent to 1,155 x 10° 
moles. 

From the previously cited porosity 
and connate water saturation, the 
hydrocarbon pore space is 4439.2 cu 


ft/acre-ft of rock volume. Thus the~ 


effective volume of the gas cap is 
388,555 acre-ft. By comparison, the 
isopach map gas cap volume con- 
tained 429,835 acre-ft. The isopach 
map, being prepared from electric 
logs, probably includes non-effective 
rock volume. Therefore, the 388,555 
acre-ft volume is believed more 
accurate. 


TOTAL POOL RECOVERY 


A potentiometric model study was 
conducted to determine the coverage 
pattern of injected gas. The apparent 
positions of the dry gas front thus 
obtained were modified to conform 
with field observations of dry gas 
invasion at several condensate pro- 
ducing wells during the period 1950 
through 1952. The average flushing 
efficiency within the pattern was also 
determined from observed field be- 
havior by the ratio of reservoir vol- 
ume of injected gas to the hydrocar- 
bon volume included within the 
pattern. Results of this study revealed 
that 85 per cent of the entire gas cap 
volume will be within the areal cov- 
erage pattern, and 60 per cent of the 
hydrocarbon pore space within the 
front boundary would be filled with 
injected gas. The model study was 
based on an isopach map volume, 
which was somewhat larger than the 
preferred material balance gas cap 
volume; therefore, an adjustment for 
gas cap volume as determined by ma- 
terial balance was applied. A further 
minor adjustment was made to ac- 


ACTUAL PREDICTED 


Bs 
wy 60 \ 
= 
/ 
/ 
/ 
AG) 
/ 
me 7 cy | 
ad | 
} | 
| 
a 8 
co} 
A 
A 
D 3 
3000 \ 
cn 
2 o 
\ 
\ \ 
22000 LN! \ | 
5 | 
> | | 
u £1000 \ 
| 
\ 
| | c 
° | 
40 


10 20 to) 50 
ACCUMULATED LIQUID PRODUCTION (MILLION BARRELS) 


Fic. 10—Gas Cap PerrorMANCr. 


count for the cycled gas production, 
i.e., breakthrough gas produced 
‘simultaneously with displaced con- 


_-densate-bearing gas. This resulted in 


55.51 per cent of the total reservoir 
vapor being considered replaced by 
injected gas during pressure main- 
tenance. 

Recoveries were computed by frac- 
tional balance. The method consists 
of computing the number of moles 
of liquid gas of each component 
within the cap at successive control 
points during the history of produc- 
tion withdrawals. Production between 
control points is determined by dif- 
ference. Fig. 10 illustrates the posi- 
tions of the control points for which 
the fractional balance was performed. 
The period ABC represents the nat- 
ural depletion performance, with AB 
being the history prior to gas injec- 
tion, and BC the forecast of behavior 
without gas injection. Points BD rep- 
resent the period of pressure main- 
tenance, and DE the period of deple- 
tion blowdown. 

A sample calculation showing the 
fractional balance procedure is pre- 
sented in Table 3 for the natural 
depletion period. After determining 
the balance and recovery in moles, 
conversion to condensate recovery 
and gas available for plant processing 
is determined as illustrated in Table 
4. In turn, the gasoline, butane, and 
propane recovery from process gas 
is determined as illustrated in Table 
5. Over-all gas-condensate ratios for 
the periods are obtained by dividing 
the gas available for processing by 
the condensate recovery. The inter- 
polation between control points rep- 
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TABLE 3—McKAMIE-PATTON POOL, ARK., MOLAL RESERVOIR BALANCE, NATURAL DEPLETION 


Transition Sta 


tus B to C Status C _ 


Status A Transition Status A to B _Status B 
Withdrawals During 
Pressure Depletion Withdrawals During aie 
Gas Phase to 3270 psia Gas Phase Liquid Phase Total Blowdown Gas Phase Liquid Phase f Us 

Mol % Mols x 10° Mol % Mols x 10° Mol % Mols x 10° Mol % Mols x 10° Mols x 10° Mol % _ Mols x 10° Mol % Mols x 10° Mol % Mols x 10° Mols x 10° 
Q) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) a ae oy Pps ae 
CO2 4.37 50.4682 4.4261 10.6014 4.48 36.3174 3.39 3.5494 39.8668 4.6213 34.2161 4.61 
HoS 6.26 72.2954 6.1986 14.8469 6.18 50.0985 7.02 7.3500 57.4485 6.4119 47.4734 7.25 8.040 
Ne 11.04 127.4987 11.3403 27.1626 11.65 94.4414 5.63 5.8947 100.3361 11.8921 88.0481 10.82 11.9997 
GQ 56.28 649.9659 57.5592 137.8670 58.83 476.9088 33.61 35.1901 512.0989 60.1188 445.1153 57.10 63.3257 
Ce 6.52 75.2981 6.5014 15.5722 52.7737 6.64 6.9522 59.7259 6.7392 49.8966 7.239 
Cz 3.49 40.3053 3.4066 8.1595 3.37 27.3191 4.61 4.8267 32.1458 3.4305 25.3990 
CG 3.10 35.8013 2.9911 7.1643 2.87 (23.2658 5.3712 2826370 2.8205 20.8831 3.78 4.1921 5.56 
Cs 1.96 22.6356 1.8543 4.4414 1.72 13.9433 4.06 4.2509 18.1942 1.5722 11.6404 2:23). 24737 6.37 ye 4 eee 
Ce 1.55 17.9006 1.4529 3.4801 1.27 10.2953 3.94 4.1252 14.4205 1.0421 7.7153 1.50 1.6636 7.87 ya Gcoee 
Ci+ 5.43 62.7099 4.2695 10.2265 3.12 25.2925) 25.97 27.1909 52,4834 1.3514 10.0056 1.16 1.2865 64.30 41. ‘ 
Totals 100.00 1,154.8790 100.0000 239.5219 100.00 810.6558 100.00 104.7013 915.3571 100.0000 740.3929 100.00 110.9031 100.00 64.0611 174.9642 
Bier V = 70.194 L = 9.066 V = 9.603 L = 5.547 

i 7,899,467 Bbl Condensate 8,284,489 Bbl. Condensate 
Se 91,184 MMcf Reservoir Gas 281,860 MMcf Reservoir Gas 

84,347 MMcf Available for 273,878 MMcf Available for 
Processing Processing 

Notes: 


Reservoir hydrocarbon volume 


1.724873 x 10° cu ft. 


4 
Number of mols = (1.724873 x 10°) 


(4) Mol % of total mols in Column 5. 
(5) Column 3 — Column 
(6) From Fig. 3. 
1 
(7) Column 7 total Ly x Column 10 tota 
(8) From Fig. 4. 
(9) Column 9 total = Column 10 total. 
(10) Column 10 total = (original mols in place) x (1.00 = 0.2074 from Fig. 5). 
(11) Mol % of total mols in Column 12. 
(12) Column 10 — Column 17. 
(13) From Fig. 3. y 
(14) Column 14 total = Eanes Column 17 total. 
(15) From Fig. 4. 
(16) Column 16 total = Se x Column 17 total. 
(17) Column 17 total = (original mols in place) x (1.00 — 0.8485 from Fig. 5). 


resents estimated gas-condensate ratio 
behavior. 


RESULTS AND CONCLUSIONS 

In addition to Fig. 10, the results 
of the recovery calculation are pre- 
sented in Table 6. The estimated ulti- 
mate liquid production under pres- 
sure maintenance of 40.7 million 
bbl, represents an increase of 12.1 
million bbl, or 42 per cent over pres- 
sure depletion production. 

Certain operational factors may 
cause the producible reserves to devi- 
ate from the predicted recovery. For 
example, it may be observed from 
Fig. 10 that the gas-condensate ratio 
since the start of injection has been 
slightly higher than assumed for the 
prediction. This is caused by the un- 
avoidable production of injected gas 
as the invasion front approaches the 
producing wells. Theoretically, the 
enriched injected gas has a ratio of 
approximately 29,000 cu ft/bbl as 
compared with the 16,000 cu ft/bbl 
ratio in the unswept areas at 3,270 
psia. Wells are produced between 
these limits prior to their shut-in. 

Other operating conditions also 
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14 


(3) Original reservoir (cu ft) of hydrocarbon pore space determined by material balance during the period to initial gas injection. 


1 
0.89 


1 
380.69 


520 
690 


410 


1,154.8790 x 10° mols 
-65 


TABLE 4—McKAMIE-PATTON POOL, ARK. PRODUCED CONDENSATE AND GAS 


PROCESSING NATURAL DE 


(1) (2) (3) 
Flow Stream to 


Condensate Stabilization 


AVAILABLE FOR 
PLETION FOR PERIOD B — C 
(4) (5) (6) 


Gas Available 


Unit Component Recovery in 14 psia Stabilized Condensate for Processing 
Mols x 10° Per cent Mols x 10° BbI/Mol Bbl Mols x 10% 
CO; 34.2161 34.2161 
HoS 47.4734 47.4734 
No 88.0481 88.0481 
Ci 445.1153 445.1153 
C2 49.8966 49.8966 
C3 25.3990 1.8 0.4572 0.2479 113,340 24.9418 
C4 20.8831 17.1 3.5710 0.2895 1,033,805 17.3121 
5 11.6404 35.0 4.0741 0.3280 1,336,305 7.5663 
Ce 7.7153 S551 4.2511 0.3702 1,573,757 3.4642 
Cus 10.0056 86.1 8.6148 0.4907 4,227,282 1.3908 
Total 740.3929 20.9682 8,284,489 719.4247 
Mol % Cs; 3.9657 
Notes: 
1 4. Physical Constants, NGSMA Handbook VOS1:. 


From Reservoir Molal Balance Sheet, Table 
Col. 12; 

. Extrapolated Field Experience. 

. Column 1 x Column 2. 


5. Column 3 x Column 4. 
6. Column 1 — Column 3. 


should be considered in applying 
these results to future operations. 
For example, recycling at full pres- 
sure to sweep out the enriched in- 
jected gas may offer economically 
attractive additional recovery. A 
period of partial pressure mainte- 
nance following the full pressure 
maintenance period may also offer 
benefits. These operations, however, 
are beyond the scope of this paper. 
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NOMENCLATURE 


SYMBOL DESCRIPTION 


K — Vaporization equilibrium ratio 


L — Moles of liquid 
M — Molecular weight 


N — Moles of liquid plus vapor 


P — Pressure 

R — Gas constant — 10.73 
T — Temperature 

V — Moles of vapor 


UNITs 


Pound moles 
Pounds/lb mole 
Pound moles 
Pounds/sq in. 


psi/cu ft/lb mole °Rankin 


°Rankin 
Pound moles 


x — Component mole fraction in liquid 
Z — Compressibility factor for gas 


p — Density 


SUBSCRIPTS 


Pounds/cu ft 


n — Component 


o — Oil 


2 — Pressure level 


r — Reservoir conditions 


TABLE 5—McKAMIE-PATTON POOL, ARK., GASOLINE PLANT RECOVERY NATURAL 


DEPLETION PERIOD B — C 


(1) (2) (3) 
Flow Stream 
to Plant Per Cent Recovery 
Mols x 108 Recovery Mols x 106 


(4) (5) 
Component 
Recovery 
Gal/Mol Gal x 10° 


CO: 34.2161 
HeS 47.4734 


Ne 88.0481 

Ci 445.1153 

Ce 49.8966 

C3 24.9418 44.0 10.9744 
mer 17.3121 92.0 15.9271 

Cs 7.5663 100.0 7.5663 

Ce 3.4642 100.0 3.4642 

Cite 1.3908 100.0 1.3908 

Total 719.4247 39.3228 


Notes: _ = 
1. From Table 4, Column 6. 


2. Average recovery based on plant balances. 


3. Column 1 x Column 2. 


10.41 114.2435 
12.16 193.6735 
13.77 104.1880 
53.9376 
20.61 28.6644 


4. Physical constants NGSMA handbook (1951) 


5. Column 3x Column 4. 


6. Adjusted to 4/1/53, the start of propane manufacture. 
7. C4 + gal from Column 5 — 18 Ib RVP gasoline. 
8. Cs + gal from Column 5x 1.194024, based on trial and error vapor pressure calculation of 


volume of butane necessary to combine with Cs+ to achieve 18 Ib RVP gasoline 


Product Recovery, Gal 10 x 10 


~ Propane® 


Butanes? 


18 Ib RVP Gasoline’ 


81.6955 
157.4318 _10, 
223.0317 — 
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TABLE 6—McKAMIE-PATTON POOL, ARK., HYDROCARBON PRODUCT SUMMARY 
Natural Depletion 


Condensate Recovery 
Natural Depletion 
Condensate, bbl 


Well effluent MMcf 
Separator Gas, MMcf 


Pressure Maintenance plus blowdown 


Condensate, bbl 
Well effluent, MMcf 
Separator Gas, MMcf 1 
Natural Gasoline & LPG Recovery 
Natural Depletion 


Gas processed, MMcf 
Propane, M gal 

X's butanes, M gal 
Nat'l gasoline, M gal 


Pressure maintenance plus blowdown _ 


Gas processed, MMcf 
Propane, M gal 

X's butanes, M gal 
Nat'l gasoline, M gal 
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To 
Aug. (7, 1949 


7,899,467 
91,184 
84,347 


7,899,467 
91,184 
84,347 


53,624 
0 


23,380 
35,806 


53,624 


0 
23,380 
35,806 


Aug. 17, 1949 to 
Abandonment 


8,284,489 
281,860 
273,878 


273,878 

81,696 
157,432 
223,032 


Pressure 


Maintenance 


Period 


11,573,730 
193,599 
182,964 


182,964 


99,081 
133,818 


Blowdown 

Period Total 
16,183,956 
373,044 
358,225 
5,323,270 24,796,417 
266,106 550,889 
261,313 528,624 
327,502 
81,696 
180,812 
258,838 
261,313 497,901 
78,794 133,636 
81,966 204,427 
158,983 328,607 
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A Laboratory Investigation of the Effect of Rate on 
Recovery of Oil by Water Flooding 


J. G. RICHARDSON 


F. M. PERKINS, JR. HOUSTON, TEX. 


JUNI@R MEMBERS AIME 


AcBS T. 


xesults and procedures are pre- 
..nted covering a laboratory investi- 
gation of the effect of rate of water 
advance on the displacement of oil 
jrom clean water-wet sands. The ex- 
periments included water floods at 
atmospheric pressure with and with- 
out gas present over a range of flow 
rates from reservoir rates to rates 
ten thousand-fold higher. Water 
floods were also conducted at various 
rates at elevated pressure with no 
gas present. Other tests were made 
at elevated pressures by forming a 
free gas saturation by evolution of 
gas from solution in the oil before 
water flooding. Recovery of oil was 
found to be independent of the rate 
of water advance with or without 
gas present and independent of the 
pressure level of the water flood. 

A dimensionally-scaled model of a 
reservoir composed of a thick uni- 
form sand was used to study the ef- 
fect of rate on the tendency of water 
to underrun the oil because of the 
greater density of the water. An- 
other model was used to study the 
effect of rate on the tendency of 
water to channel down the more per- 
meable sand in a stratified reservoir 
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composed of sands of different per- 
meability in intimate contact. The ef- 
fect of the presence of gas on the 
flooding conformance was studied 
with both models. The results ob- 
tained using these simple models 
provide a basis for predicting be- 
havior in more complicated systems. 


INTRODUGELON 


In spite of the great amount of 
research on the flow of fluids in por- 
ous rocks, there still exists some dis- 
agreement as to the influence of the 
rate of water advance on the dis- 
placement of oil by water flooding. 
Various investigators have found that 
increasing the rate of water injection 
would decrease, increase, or have no 
effect on recovery of oil. One rea- 
son for this disagreement has been 
a lack of understanding of the ef- 
fects of the capillary forces which 
influence the results obtained in the 
laboratory at low rates with short 
columns. Other causes of the dis- 
agreement have undoubtedly been 
inconstancy and uncertainty of the 
wetting properties of the porous me- 
dia studied, inaccurate saturation de- 
terminations, and in some instances 
conclusions based on_ insufficient 
data. 

Capillary forces are involved in 
the displacement of oil by water in 
two ways. On the microscopic scale, 
the capillary forces control the dis- 
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tribution of oil and water in the pore 
spaces of the sand. The magnitude 
of these forces is governed by the 
preference of the sand to be wet by 
water, the pore sizes and geometrical 
shapes, and the interfacial tension 
between the water and oil. 

On the macroscopic scale, differ- 
ences in saturation at the flooding 
“front” when water displaces oil re- 
sult in capillary pressure gradients. 
These gradients cause water to flow 
preferentially ahead of the front. In 
short laboratory columns at low rates, 
the front can span the entire column 
length. Also, at the outflow boun- 
dary the preference of sand to be 
wetted by water results in retention 
of water and a high water saturation 
in the region of the outflow face. 
This effect is commonly called the 
boundary effect.’ 

The capillary pressure gradients 
which complicate the interpretation 
of flooding performance of short lab- 
oratory columns at low rates of water 
advance become negligibly small un- 
der certain conditions. The condi- 
tions where capillary pressure gra- 
dients are negligible are in long, 
homogeneous reservoir sands,’ at 
high rates of water advance in short 
laboratory columns,’ and at any rate 
in laboratory columns as the residual 
oil saturation is approached. Thus, 
laboratory water floods, conducted 


"References given at end of paper. 
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at various rates to determine if re- 
covery of oil from reservoir sand 
by water flooding is rate dependent, 
may be compared at the residual oil 
Saturation or at any saturation at 
rates above which capillary pressure 
gradients become negligible. 

One of the ways in which the rate 
of water advance might affect the re- 
covery of oil from a reservoir sand 
is for the microscopic displacement 
mechanism to change with rate. Re- 
search* has shown that in steady- 
state flow experiments, the relative 
permeability-saturation relations and, 
hence, the microscopic distribution 
of oil and water, is independent of 
rate. However, the reservoir displace- 
ment is an unsteady-state flow pro- 
cess, so the steady-state data may 
not be applicable. Thus, waterflood- 
ing experiments under a variety of 
conditions are needed to examine 
the possibility of a change in the 
microscopic displacement mechan- 
ism with rate. 

Other possibilities exist that recov- 
ery of oil from reservoir sands by 
water flooding is rate dependent. If 
the reservoir is composed of thick 
permeable sands, there is a tendency 
for water to underrun the oil because 
of the greater density of water. If the 
reservoir is composed of sand strata 
of different permeabilities, there is a 
tendency for water to channel 
through the more permeable sands. 
In the vicinity of a producing well- 
bore there exists a tendency for water 
to cone up, or for gas to finger down 
at higher production rates. These ef- 
fects may be studied in the labora- 
tory by use of scaled models. 

Each of the above mentioned pos- 
sibilities, that recovery is rate de- 
pendent, has been investigated except 
the tendency to cone or finger. This 
paper presents the details of this in- 
vestigation along with a discussion of 
the pertinent results. 


EXPERIMENTAL 
INVESTIGATIONS 


SCOPE OF THE INVESTIGATIONS 


In order to determine if the miscro- 
scopic displacement of oil by water 
from the pore spaces of a clean, 
water-wet sand is rate sensitive, ex- 
periments have been conducted un- 
der a variety of conditions. Water 
floods have been made at atmospheric 
pressure at reservoir rates and rates 
ten thousand-fold higher. In some of 
these experiments gas was injected 
prior to the water flood to determine 
if the presence of gas induced a rate 
sensitivity. In other experiments 
water floods were made at elevated 
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Pressures with no free gas present 
to examine the possibility that the 
pressure level might influence the 
displacement process. Other water 
floods were made at elevated pres- 
sures with a free gas saturation cre- 
ated by evolution of gas from solu- 
tion in the oil. 


Two model studies were made as 
a part of this investigation. The first 
model represented a uniform, thick 
sand stratum of a reservoir in which 
gravitational segregation was impor- 
tant. Both the effect of rate and the 
effect of the presence of gas on the 
tendency of water to underrun the 
oil were investigated. The other 
model simulated a stratified reservoir 
composed of a permeable sand in 
intimate contact with a tight sand 
stratum. The effect of rate and the 
effect of free gas on the tendency of 
water to channel through the per- 
meable sand were observed in a 
series of water floods at various rates. 


THE EFFECT OF RATE ON THE 
DISPLACEMENT MECHANISM 


PREPARATION OF COLUMNS FOR 
WATER FLOODING 


The sand used in the first part of 
this investigation was a clean, un- 
consolidated, size number 16 sand 
of the American Graded Sand Cor 
Chicago, Ill. A typical analysis was 
4.6 per cent through 100 to 140 
mesh, 55.5-per cent through 140 to 
200 mesh and 40.0 per cent through 
200 mesh. The dry sand was packed 
into the laboratory columns using a 
mechanical vibrator. Typical values 
for the properties of a column after 
packing were 2.5 darcies permeabil- 
ity to gas and 35 per cent porosity. 

The column was always first satu- 
rated with distilled water by flushing 
the air from the sand with CO., 
evacuating the column, and flowing 
evacuated distilled water into the 
column under pressure. The column 
was weighed both dry and water 
saturated to obtain the pore volume. 
To obtain a low water saturation, the 
water was displaced from the col- 
umn with about two pore volumes 
of 150 cp refined mineral oil. Next, 
the mineral oil was flushed from the 
column with 10 pore volumes of spe- 
cially treated kerosene. The amount 
of water produced was recorded, and 
the column was weighed. Fluid satu- 
rations were calculated from weight 
determinations and checked by the 
volumetric data. 

The kerosene was evacuated to 
remove dissolved gases and passed 
successively through granulated silica 


gel to remove surface active impuri- 
ties, a bacteriological filter to remove 
solid particles, and a sand column 
containing a low water saturation to 
saturate the kerosene with water. 

A column packing was used for a 
maximum of four experiments. After 
each of the first three water floods 
on a sand packed column, viscous 
oil and kerosene were again used to 
displace the water from the sand to 
a low terminal water saturation. 
After the fourth water flood, the 
sand was removed and the column 
was repacked with new sand. The 
sands were always strongly water- 
wet as a result of these precautions. 


WATER FLOops AT ATMOSPHERIC 
PRESSURE WITH AND WITHOUT 
FREE Gas PRESENT 


-WATER FLOODS USING COLUMNS OF 
UNIFORM DIAMETER 


The first water floods were con- 
ducted at atmospheric pressure using 
Lucite columns 114 in. in diam- 
_eter. The columns were 25, 35, and 


~ 100 cm in length. As prepared for 


flooding, these sand packed columns 
contained about 11 per cent initial 
water saturation and 89 per cent ker- 
osene saturation. 

In the floods, oil was displaced 
from the sand by evacuated distilled 
water which was injected by a con- 
stant rate pump. The oil and water 
produced were recorded at various 
times. The floods were stopped after 
two pore volumes of water had been 
injected. This first series of experi- 
ments consisted of 31 water floods at 
various rates of water injection. 

In the next series of experiments, 
a free gas saturation was formed be- 
fore the water flood by injection of 
helium gas to displace some of the 
oil. After a predetermined amount of 
oil had been displaced by gas, the 
columns were allowed to stand for 
24 hours under a slight helium pres- 
sure to saturate the oil and water 
with the gas. Water floods were then 
made with distilled water saturated 
with helium. Fifty experiments were 
performed using various constant 
rates of water injection and various 
initial gas saturations. The oil, gas, 
and water produced were recorded at 
various times. As before, over two 
pore volumes of water were injected 
in each test which was sufficient to 
displace all the recoverable oil. 


WATER FLOODS USING BOUNDARY 
EFFECT ABSORBER 


While the influence of capillary 
pressure gradients was minimized by 
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comparing the various results ob- 
tained in the experiments just de- 
scribed in the region of the residual 
oil saturation, the influence of the 
boundary effect is so large at ex- 
tremely low rates that a special appa- 
ratus was needed to minimize this 
effect. This apparatus consisted of a 
Lucite cell whose first 4 in. had a 
diameter of 1% in. and whose last 
18 in. had a diameter of %4 in. By 
making the outflow section 1/36 the 
cross-sectional area of the inflow sec- 
tion, the flow rate per unit area was 
36 times higher in the region of the 
outflow end. The saturation gradients 
caused by the boundary effect were 
confined to the outflow section, so 
that the performance of the inflow 
section could be studied under condi- 
tions free of boundary effects. The 
flooding performance of the first 4 
in. corresponded to that of the first 
4 in. of a column of uniform diam- 
eter 54 ft long. 

A drawing of this apparatus is 
shown in Fig. 1. The apparatus was 
fitted with 325-mesh screens on the 
inflow and outflow heads to retain 
the sand. Electrical resistivities were 
measured using the inflow head 
screen as a current electrode along 
with a 20-mesh screen in the column. 

The cell was packed with fine sand 
and prepared by the previously de- 
scribed procedure to contain about 
10 per cent water saturation and 90 
per cent kerosene saturation. Water 
was injected at a linear rate of ad- 
vance of about 0.1 ft/day and the oil 
and water production recorded. At 
various intervals the electrical resis- 
tivity was measured between the 
voltage electrodes in the column. 
When the resistivities ceased chang- 
ing, water injection was stopped, the 
cell was disassembled, and the water 
and oil saturations of the inflow sec- 
tion were determined by vacuum dis- 
tillation. Another experiment was 
performed by repeating the above 
procedure and injecting water at 0.55 
ft/day. 


RESULTS OF WATER FLOODS AT 
LOW PRESSURES 


The results of the water floods on 


Potential Electrodes 


S 


Current Electrode 
Screen 


Potential Electrode 


columns of various lengths in which 
no free gas was present are presented 
in Fig. 2. Plotted in this figure are 
the final oil saturations obtained after 
two pore volumes of water had been 
injected versus the rate of water ad- 
vance. As noted in the figure, the 
results at the very lowest rates are 
those obtained in the boundary effect 
absorber apparatus. The final oil sat- 
uration is independent of the rate of 
water advance for the range investi- 
gated, 0.1 ft/day to 1,000 ft/day. 


Typical of the results of the water 
floods performed with an initial in- 
jected. gas saturation present are 
those with an average initial gas sat- 
uration of 25.4 per cent which are 
presented in Fig. 3. Recovery of 
oil with free gas present is seen to 
be independent of the rate. Another 
fact observable from these experi- 
ments is that the influence of free gas 
on the residual oil is small in this 
unconsolidated sand. The average re- 
sidual oil saturation with no gas pres- 
ent was 18 per cent of the pore 
volume and was 16 per cent of the 
pore volume with an initial gas sat- 
uration of 25 per cent present. 


WATER FLoops AT HIGH 
PRESSURES WITH AND WITHOUT 
FREE GAs PRESENT 


In a paper presented in Oct., 1955, 
by Bass and Crawford,’ it was con- 
cluded that in water flooding oil from 
laboratory columns at high pressures 
with free gas present, the residual oil 
saturation was a function of the rate 
of water advance. The importance of 
the question of rate sensitivity of re- 
covery is so great that a series of 
experiments at elevated pressures has 
been conducted to investigate the 
conclusions of Bass and Crawford. 

A schematic drawing of the appa- 
ratus used in these experiments is 
shown in Fig. 4. The flow cell con- 
sisted of a stainless steel column 2 ft 
long and 1% in. inside diameter. A 
back pressure regulator was used to 
maintain the pressure in the column 
at the desired level while water was 
injected by a constant rate pump. 

To prepare for a water flood, the 
steel columns were packed with clean 


—> Outflow 
Port 
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sand, saturated with water, weighed, 
and displaced to an average water 
saturation of 11 per cent with vis- 
cous oil. The viscous oil was then 
displaced with 10 pore volumes of 
kerosene and the column _ was 
weighed. The kerosene was displaced 
by two pore volumes of kerosene 
saturated at 850 psi with natural gas. 
During this step the pressure level in 
the column was maintained at 950 
psi to prevent liberation of any free 
gas. 

The first series of water floods was 
made at a pressure level of 950 psi, 
or 100 psi above the bubble point of 
the oil. No free gas was present in 
these runs. The water used to dis- 
place the oil was saturated with nat- 
ural gas at 950 psi to prevent its 
dissolving some of the gas in the oil. 
The water was injected using a con- 
stant rate pump and the production 
of oil, gas, and water was recorded 
at various times. These floods were 
stopped when 0.8 pore volume of 
water had been injected. While an 
additional 2 or 3 per cent oil satura- 
tion would have been produced by 
injecting more water, this procedure 
reduced the time required to per- 
form the experiments and provided 
sufficient information on the flood- 
ing behavior. At the termination of 
a flood the pressure on the column 
was reduced to atmospheric pres- 
sure and the amounts of oil, gas, and 
water produced were observed and 
recorded. To prepare for another 
water flood the column was again 
flooded to low water saturation and 
prepared as before. After three such 
runs the sand was removed and new 
sand was packed into the column 
and the above procedure repeated. 
Eleven runs were made at various 
rates at the pressure level of 950 
psi. These runs were carried out in 
a random sequence of rates so that 
no systematic errors would appear in 
the results as effects of rate. 

To investigate the effect of rate 


on recovery when free gas was pres- 
ent, other floods were made at a 
series of lower pressures, For these 
floods the columns were packed and 
saturated with water and oil by the 
above procedure and then the de- 
sired free gas saturation was ob- 
tained by reducing the back pressure 
on the column to a predetermined 
level and producing some of the oil 
by dissolved gas drive. To obtain 
equilibrium between the oil and gas 
at the lower pressure level, the col- 
umn was tapped with a hammer to 
assist in the formation of gas bub- 
bles and allowed to stand for sev- 
eral minutes until no more oil or 
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gas were produced. Water floods 
were conducted by injecting water 
which had been saturated with 
natural gas at the pressure level of 
the column, and the production of 
oil, water, and gas were recorded. 
The water floods were stopped after 
0.8 pore volume of water had been 


-injected. Thirty-four floods were 


made at pressure levels of 700, 500 
and 100 psi at various rates of in- 
jection. ; 

Typical results of these experi- 
ments were presented in Figs. 5 and 
6 in which the final oil saturation is 
plotted against the rate of water ad- 
vance in feet per day. The rate of 
water advance was calculated by di- 
viding the length of the column by 
the observed time to water break- 
through. As can be seen in these fig- 
ures, the final oil saturation is inde- 
pendent of the rate of water injec- 
tion. The average final oil saturation 
was 20.5 per cent when flooding at 
950 psi made no free gas present, 
20.0 per cent when flooding at 700 
psi with an average initial gas satura- 
tion of 6.3 per cent, 19.5 per cent 
when flooding at 500 psi with an av- 
erage initial gas saturation of 12.9 
per cent and 19.5 per cent when 
flooding at 100 psi with an average 
initial gas saturation of 22.1 per cent. 


INTERPRETATION OF RESULTS 


The experimental evidence obtained 
from these waterflooding tests under 
a wide variety of conditions appears 
to afford ample demonstration that 
recovery of oil from clean water-wet 
sands by water flooding is indepen- 
dent of rate. The residual oil satura- 
tion of 17.5 per cent obtained by 
water flooding at atmospheric pres- 
sure with no gas present was inde- 
pendent of rate of water advance 
from 0.1 ft/day to 1,000 ft/day. 
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As a different amount of water 
was injected in the floods at at- 
mospheric pressure than was injected 
in the tests at high pressure, a com- 
parison could not be made between 
the final oil saturations after the 
floods at the two pressures. A con- 
venient way to compare the flooding 
performance of the two was to ex- 


the capillary forces which are as- 
sociated with the preferential wetting 
of the rock by water.’ These capillary 
~forces which are of the order of 1 
psi for the sands used in this in- 
vestigation-act over the distance of 
1 pore diameter. The maximum pres- 
sure gradient caused by flow in these 
experiments was of the order of 0.01 


amine the oil saturations at water psi per pore diameter. Thus, it is not 


breakthrough. The oil saturation at 
water breakthrough for the floods at 
atmospheric pressure was 21 per 
cent which is in excellent agreement 
with the average oil saturation of 21 
per cent observed in the experiments 
at 950 psi. A good agreement was 
also noted between the 19 per cent 
oil saturation at water breakthrough 
when flooding at atmospheric pres- 
sure with a 25 per cent initial gas 


saturation and the average value of- 


20 per cent oil saturation at water 
breakthrough when flooding at 100 
psi with a 22 per cent initial gas 
saturation. These results indicate that 
the recovery was independent of the 
pressure level at which the water 
flood was performed, as well as the 
rate of water advance. 

This evidence gives strong support 
to the theory that the microscopic 
distribution of water, oil, and gas 
is controlled at all practical rates by 


Back Pressure 
Regulator 


surprising that the forces associated 
with the preferential wetting result 
in the same microscopic distribution 
for all of the conditions investigated. 

The results of this investigation 
are not in agreement with those of 
Bass and Crawford.’ In their experi- 
ments a high initial water saturation 
of 35 to 47 per cent was present be- 
fore the water floods. It is believed 
that the presence of a mobile initial 
water phase may have resulted in 
the behavior noted in their experi- 
ments. Also, it is possible that the 
wetting characteristics of their sand 
was changed by the repeated extrac- 
tion with petroleum ether, thus 
causing changes in flooding behavior. 
Of less importance was the super- 
saturation of the oil at the start of 
their water floods. In additional ex- 
periments performed in the present 
investigation, the column was not 
hammered and the flood was started 
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immediately after lowering the pres- 
sure. It was found that recovery was 
independent of whether the oil and 
gas were in equilibrium at the flood- 
ing pressure or whether it was super- 
saturated before the water flood was 
started. 


MODEL STUDIES 


Oil is commonly found in reser- 
voirs composed of several strata that 
are laterally continuous and _ fairly 
uniform throughout the extent of 
the pool.’ A single stratum may be 
fairly homogeneous but very thick. 
When water displaces oil from such 
a reservoir, two phenomena exist 
which might cause the displacement 
of oil to be dependent on rate. One 
phenomenon is the tendency of water 
to underrun the oil because the dens- 
ity of the water is greater than that 
of the oil. The other phenomenon is 
the tendency of water to channel 
through the more permeable sand. 
These effects and their dependence 
on rate can be studied separately in 
the laboratory by use of dimension- 
ally scaled models. 

The theory of scaling has been 
amply described in literature.*” Es- 
sentially, the scaling procedure in- 
volves maintaining the ratio of capil- 
lary forces to viscous forces and the 
ratio of gravitational forces to vis- 
cous forces in the model equal to 
those in the reservoir. Also, the ratio 
of water to oil viscosities must be 
the same in the model as in the res-. 
ervoir, the relative permeability-satu- 
ration relation must be the same, and 
a dimensionless capillary pressure- 
saturation relation must be the same. 
When properly scaled, the produc- 
tion characteristics of the model 
faithfully duplicate those of the reser- 
voir prototype. 
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RECOVERY WITH GRAVITY 
SEGREGATION 

The force of gravity becomes sig- 
nificant in recovery of oil by water 
flooding as the rate of advance is de- 
creased in thick, permeable sands. 
This is because the density of the 
water is greater than that of the oil 
and tends to underrun the oil. Op- 
posing this tendency are the viscous 
forces resulting from the pressure 
applied through the injection of the 
water and the capillary forces which 
try to maintain a uniform displace- 
ment front over the entire thickness 
of the stratum. 


To study the role of gravity in 
displacement of oil from a uniform 
sand, a Lucite model was built to 
simulate a reservoir sand 25 ft thick 
and 300 ft long. The model was 6 ft 
long, 6 in. high and % in. thick. The 
model was packed uniformly with a 
20 to 30-mesh sand having a per- 
meability of 212 darcies. The model 
and reservoir prototype characteris- 
tics are presented in Table 1. 


The sand was water saturated and 
flooded to a low water saturation of 
about 13 per cent with a kerosene 
dyed blue to permit observation of 
the displacement. Two water floods 
were made at injection rates of 0.14 
and 0.31 cc/sec corresponding to 
reservoir rates of 0.047 and 0.10 
ft/day. The position of the water 
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front was recorded photographically 
as well as by sketching it on graph 
paper. 

Two additional water floods were 
made with a free gas saturation pres- 
ent before the water was injected. 
This free gas saturation was obtained 
by injecting helium gas while the 
model was lying flat. Then the model 
was turned on edge and allowed to 
stand a day under small helium 
pressure to allow gravitational segre- 
gation of the helium gas and oil and 
saturation of the oil with helium. 
The water floods were at the same 
rates of injection described in the 
preceding paragraph. 

A comparison of the shape of the 
water fronts at two rates of water 
injection with no gas present is 
shown in Fig. 7. The water under- 
ran the oil by a greater amount at 
the lower rate of advance. This is 
because the applied pressure grad- 
ients which tend to make the front 
move as a uniform bank were smaller 
at the lower rate. The recovery at 
water breakthrough was slightly less 
at the lower rate of advance but the 
ultimate recovery was independent of 
rate. The recovery of oil as a func- 
tion of the water injected is presented 
in Fig. 8. 

When free gas is present, the gas 
which is concentrated at the top of 
the sand is displaced by oil which in 


TABLE 1—PROPERTIES OF THE MODEL AND RESERVOIR PROTOTYPE WHERE GRAVITY IS IMPORTANT 


Property Symbol 
Wettability (8) 
Porosity 
Interfacial Tension 0 
Oil Viscosity flo 
Gas Viscosity Lg 
Water Viscosity iw 
Density Difference A p(w-o) 
Permeability K 
Length L 
Sand Thickness H 
Linear Rate of Advance q 


Time t 


Model 


(strongly) 
1 (water wet) 
0.37 


Reservoir 
(strongly) 
1 (water wet) 
0.37 


37 dynes/cm 37 dynes/cm 
1.8 


-8 cp cp 
0.018 cp 0.018 cp 
0.89 cp 0.89 cp 
-20 gm/cc 0.20 gm/cc 
212,000 md 85 md 
ft 300 ft 
0.5 ft 25 ft 
1 
Qmodel 2500 of Qmodel 
tmodel 125,000 tmoae1 


Note: Model was uniformly packed with 20-30 mesh sand. 
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turn is displaced by water. A com- 
parison of the shape of the water 
front at comparable rates of injec- 
tion with and without gas present is 
shown in Fig. 9. The shape of the 
front was not noticeably affected by 
the presence of the gas. The produc- 
tion of oil as a function of the water 
injected is presented in Fig. 10. 
Water broke through earlier when 
gas was present but ultimate recov- 
ery of oil was not affected. 


PRODUCTION FROM A 
STRATIFIED RESERVOIR 


To study the tendency of water to 
channel in a stratified reservoir at 
high rates of water advance, a Lucite 
model was built to contain two sand 
strata. The model was 6 ft long, 6 in. 
high, and % in. thick. A removable 
metal barrier was positioned down 
the center of the model to keep the 
two sands separate as they were 
packed into the model. The model 
was packed with 80 to 100-mesh sand 
on one side of the barrier and 140 to 
200-mesh sand on the other side. 
The metal barrier was withdrawn 
when the model was filled with sand 
and the final packing was done by 
mechanically vibrating the model as 
the head was screwed down. The 
model, when completely packed, con- 
tained one sand member 6 ft long, 
3 in. thick, and % in. wide and 
had a permeability of 22 darcies in 
contact with another sand member 
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TATIONAL SEGREGATION Is IMPORTANT. 


of the same dimensions with a per- 
meability of 3.3 darcies. These repre- 
sent two reservoir strata, each 300 
ft long and 121% ft thick with per- 
meabilities of 450 md and 67 md. 
The model characteristics and its res- 
ervoir prototype are presented in 
Table. 2.7 

The model was first saturated with 
distilled water which was displaced 
by a kerosene dyed blue to permit 
observation of the displacement. Dur- 
ing this step the model was in a ver- 
tical position with kerosene admitted 
at the top and water produced from 
the bottom. The terminal water satur- 
ation of about 20 per cent was 
reached after 4 pore volumes of kero- 
sene had been injected. The model 
was then placed on its flat side and 
allowed to stand for a day to allow 
the water saturation at each point 
to reach equibriuim. 

Water floods were made by injec- 


ting water at a constant rate. The 
model was placed on its flat side to 
avoid gravitational segregation of the 
oil and water, and photographs were 


taken periodically to record the lo- 


cation of the water front. The posi- 
tion of the flooding water in each 
sand stratum was also recorded by 
drawing it on the side of the model 
and transferring this to graph paper. 
Three floods were made at injection 
rates of 0.035, 0.072, and 0.154 
cc/sec which corresponded to reser- 
voir rates of advance of 0.09, 0.18, 
and 0.51 ft/day. 

Other experiments were performed 
on the model by injecting helium gas 
into the sand before the water flood. 
In these tests, the model was allowed 
to stand in contact with the gas for 
one day to saturate the oil and water 
with helium. Water floods were made 
using the same three injection rates 
as before. The locations of both the 


TABLE 2—PROPERTIES OF STRATIFIED RESERVOIR MODEL AND PROTOTYPE 


Property Symbol 
Wettability f (6) 
Porosity 
Interfacial Tension o 
Oil Viscosity 
Gas Viscosity Lg 
Water Viscosity dw 
Density Difference A p(w-o) 


Permeability Ist Sand K 
Permeability 2nd Sand K 
Length 
Reservoir Thickness H 
Linear Rate of Advance q 


Time t 


Reservoir 


(strongly) 
1 (water wet) 
0.37 


Model 


(strongly) 
1 (water wet) 
0.37 


1.8 


cp 1.8 cp 
0.018 cp 0.018 cp 
0.89 cp 0.89 cp 
0.2 gm/cc 0.2 gm/cc 
22,000 md 450 md 
3,000 md 67.5 md 
6 ft 300 ft 
0.5 ft 25 ft 
J 
q model 350 of g model 
t model 17,500 t mode) 


Note: Effects of gravity were made negligible by flooding model on its side. 
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oil-displacing-gas front and the water- 
displacing-oil front were recorded, as 
were the oil, gas, and water produc- 
tion data. 

A comparison between the ob- 
served water fronts just prior to 
water breakthrough for two rates of 
water advance is presented in Fig. 11. 
As can be seen, the water advanced 
more rapidly in the coarse sand at 
the higher rate. At the lower rate, the 
rate of advance in each sand was al- 
most the same, even though the 
coarse sand was almost seven times 
more permeable. The reason for this 
behavior was that the tight sand im- 
bibed water from the coarse sand 
causing oil to flow from the tight 
sand into the more permeable stra- 
tum. At the lower rate of water in- 
jection this imbibition occurred as 
fast as the water advanced, thus 
keeping the water advancing evenly 
in both sands. At the higher rate of 
water injection imbibition still oc- 
curred, but not fast enough to keep 
the fronts together. Water broke 
through earlier at the higher rate be- 
cause of the more rapid advance in 
the coarse sand, but the ultimate re- 
covery was the same as that noted at 
the lower rate, as can be seen in 

When free gas was present before 
a water flood, the displacement pro- 


No gos 
Rate = 0.51 Ft./Day 
Recovery at woter breakthrough = 53.0% pore volume 


Front 


No gos 
Rate = 0.186 Ft. /Doy 
Recovery ot water breakthrough = 60.5% pore volume 


Water Front 


Fic. 11—Tue Errecr or Rate on THE FLoopinc Conrorm- 
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cess was more complicated. Since 
most of the free gas was concentrated 
in the coarse sand, most of the oil 
was initially in the tight sand. This 
oil formed a bank in the more per- 
meable sand and displaced the mo- 
bile free gas. As the flood progressed, 
the length of the oil bank in the 
coarse sand grew. The location of 
the flood front in the two sands is 
shown in Fig. 13. In the tight sand 
the oil was observed to flow toward 
the coarse sand and then along the 
interface between them, leaving a re- 
gion of high oil saturation at the 
sand interface behind the water 
fronts in the two sands. At the same 
rate of water injection water broke 
through earlier when gas was pres- 
ent than when no gas was present. 
These data are presented in Fig. 14. 
The ultimate recovery was about the 
same after 0.8 pore volumes of water 
had been injected with or without 
free gas present. 


INTERPRETATION OF RESULTS 


The results obtained in the two 
simple model systems used in this 
investigation provide a basis for pre- 
dicting behavior in more complicated 
reservoir systems. For instance, if a 
reservoir is composed of a permeable 
sand on top of and in intimate con- 


No gos 
Rate = 0,51 Ft. Day 
Recovery at breakthrough = 53.0% pore volume 


Length 


Initiol gas = 37% 
Rate = 0.51 Ft. Day 
Total recovery ot water breakthrough = 47.2% pore volume 


Water Front 


tact with a tight sand, both gravita- 
tional segregation and imbibition of 
the water from the coarse sand into 
the tight sand operate to maintain a 
uniform displacement of oil by water. 
If the tight sand is on top, these ten- 
dencies oppose one another. If the 
sands had the characteristics of those 
studied in this investigation, the 
water would probably tend to chan- 
nel down the permeable sand at 
higher rates whether the coarse sand 
were on the top or the bottom. 

The tendency to channel through 
the permeable strata is also enhanced 
by the presence of free gas. This is 
probably a result of the high mobil- 
ity of the gas phase which is con- 
centrated in the coarse sand. Appar- 
ently, the total recovery of oil for 
any given amount of water injected 
is not adversely affected by the pres- 
ence of the gas. The total oil pro- 
duced when a given amount of water 
was injected was always slightly 
greater when free gas was present 
than when no free gas was present. 


CONCLUSIONS 


The following conclusions are 
made as a result of this experimental 
investigation to determine the effect 
of rate of water advance in recoy- 
ery of oil by water flooding. 


Length 


Length 


1.0 


0.8 


Water Breakthrough IW 


Water Breakthrough 


Oil Produced: Pore Volumes 


Legend: 


O Reservoir Rate of Advance = 0,18 Ft. Day 
O Reservoir Rate of Advance = 0,51 Ft. Day 
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Note: 
Injection rate same in both runs 
Rate of advance with no gos present = 0.5] ft./day 
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Fic. 14—Tue Errecr oF THE PRESENCE OF A FREE Gas SATURA- 


TION ON THE PRopUCTION CHARACTERISTICS OF A 
STRATIFIED RESERVOIR. 
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— Woter Front Length 
= 


1. The residual oil saturation re- 
maining in clean homogeneous sands 
after water flooding with no gas pres- 
ent is independent of the rate of 
water advance over the entire range 
investigated (0.1 ft/day to 1,000 
ft/day). The recovery of oil by water 
flooding is not only independent of 
rate in floods at 950 psi and at at- 
mospheric pressure, but is also inde- 
pendent of the pressure level at 
which the flood is made. 

2. The final oil saturation remain- 
ing after water flooding with a free 
gas Saturation present is also inde- 
pendent of the rate of water ad- 
vance. This is true in floods at higher 
pressure levels with gas evolved from 
solution in the oil and atmospheric 
pressure with gas saturations obtained 
by injecting 

3. Decreasing the rate at which 
water is injected into a thick homoge- 
neous reservoir sand increases the 
tendency of water to underrun the 
oil. This effect becomes noticeable 
in the reservoir prototype studied in 


- this investigation only at very low 


rates of advance (0.05 ft/day or 
less). 

4. Increasing the rate at which 
water is injected into-a stratified res- 


-ervoir with vertical communication 
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increases the tendency for water to 
channel through the more permeable 
sand and causes early water break- 
through. 

The following conclusions were 
derived from the influence of free 
gas on recovery of oil by water flood- 
ing. 

5. The presence of free gas lowers 
by a very small amount the residual 
oil saturation remaining after water 
flooding these unconsolidated sands. 
The residual oil saturation is lowered 
from 18 per cent with no gas present 


to 16 per cent with a 25 per cent gas 


saturation present before the water 
flood. 

6. The presence of a free gas satu- 
ration in a thick homogeneous reser- 
voir sand causes early water break- 
through. 

7. The presence of a free gas satu- 
ration in a stratified reservoir in- 
creases the tendency for water to 
channel through the more permeable 
sand. The total oil recovered for a 
given amount of water injected is al- 
ways slightly greater when gas is 
present. 


REFERENCES 


1. Leverett, M. C.: “Capillary Behavior 
in Porous Solids,” Trans. AIME 
(1941), 142, 152. 


10. 


. Buckley, S. E., and Leverett, M. C.: 


“Mechanism of Fluid Displacement in 
Sands,” Trans. AIME (1942), 146, 
107. 


- Rapoport, L. A., and Leas, W. J.: 


“Properties of Linear Water Floods,” 
Trans. AIME (1953), 198, 139. 


. Geffen, T. M., Owens, W. W., Parrish, 


D. R., and Morse, R. A.: “Experimen- 
tal Investigation of Factors Affecting 
Laberatory Relative Permeability 
Measurements,” Trans. AIME (1951), 
192, 99. 


Bass, D. M., and Crawford, P. B.: “Ex- 
perimental Water Flooding Recoveries 
at Pressures Above and Below the 
Bubble Point,” Trans. AIME (1956) 
207, 293. 


Moore, T. F., and Slobod, R. L.: “Dis- 
placement of Oil by Water—Effect of 
Wettability, Rate, and Viscosity on 
Recovery,” Paper No. 502-G, AIME 
Meeting, New Orleans (Oct. 2-5, 
1955). 


Buckley, S. E.: Petroleum Conserva- 
tion, AIME (1951), 81. 


. Leverett, M. C., Lewis, W. B., and 


True, M. E.: “Dimensional-Model 
Studies of Oil Field Behavior,” Trans. 
AIME (1942), 146, 175. 


Engelberts, W. F., and Klinkenberg, 
L, J.: “Laboratory Experiments on the 
Displacement of Oil by Water from 
Packs of Granular Materials,” Proc. 
Third World Pet. Cong., Sect. II 
(1951), 544. 


Rapoport, L. A.: “Scaling Laws for 

se in Design and Operation of Wa- 
ter-Oil Flow Models,” Trans. AIME 
(1955) 204, 143. 


4 
| 
| 
| 
| 
| 
| 
| 
| 


Measurements of Bubble Frequency in Cores 


DENTON R. WIELAND 
JUNIOR MEMBER AIME 
HARVEY T. KENNEDY 

MEMBER AIME 


A & M COLLEGE OF TEXAS 
COLLEGE STATION, TEX. 


P4489 


AC BES 


The frequency of bubble formation is measured for 
oils from the East Texas field and the Slaughter field 
in cores from these fields. East Texas oil was also tested 
in a Slaughter core. The data checked previous results 
in that a definite supersaturation may exist without the 
formation of bubbles in periods of observation totaling 
158 hours. Measured frequencies varied from zero at 
supersaturations below 14 psi to 3.1 bubbles/sec/cu ft 
of rock at 40 psi supersaturation. 


The formation of bubbles is essential in a solution 
gas-drive reservoir in the displacement of oil. In forma- 
tions where the basic pore structure consists of fine 
pores or fractures connected to larger pores or crevices, 
bubble formation in the fine pores may be the most ef- 
fective means by which the oil may be displaced, even 
if secondary methods are applied. The most efficient oil 
displacement would occur where at least one bubble 
would form in every pore. As the pressure decreased, 
the bubbles would expand, due to the gas diffusing into 
the bubbles, and displace the oil toward the lower pres- 
sure area around the wellbore. 


Kennedy and Olson’ have shown that the total num- 
ber of bubbles formed in a reservoir is primarily depen- 
dent upon the rate of pressure drop, the rate of dif- 
fusion of gas through oil, and surface area of the rock. 
The surface tension of the liquid and other character- 
istics of the rock may also exert an important effect, 
which would give a different frequency to different 
rocks and oils and various combinations of different 
rocks and oils. The purpose of this paper is to present 
frequency measurements on two rocks and two oils. 


Manuscript received in Society of Petroleum Engineers office on 
April 5, 1956. Revised manuscript received Jan. 16, 1957. Paper pre- 
sented at joint meeting of University of Texas-A&M College of 
Texas Student Chapters of AIME, held in Austin, Tex., Feb. 
14-15, 1957. 

1References given at end of paper. 
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A hydrocarbon liquid is at equilibrium with gas when 
it contains the maximum volume of gas in solution that 
it can have at the prevailing temperature and pressure. 
If the temperature is maintained constant and the pres- 
sure is reduced below the equilibrium pressure, the 
liquid is supersaturated to the extent of the difference 
in the two pressures until the gas comes out of solu- 
tion as a free phase. 


As shown by previous work, and confirmed in the 
present investigation, the number of bubbles formed per 
second increases with an increase in supersaturation. 
Kennedy and Olson showed that a tenfold increase in 
the rate of pressure decline resulted in a tenfold in- 
crease in the number of bubbles formed per cubic foot 
of reservoir rock, e.g., for decline rates of 0.1, 1, and 10 
psi/day, the number of bubbles formed ver cubic foot 
would be 40, 400, and 4,000, respectively. For another 
hypothetical system, Stewart, Hunt, and Berry’ esti- 
mated that for pressure declines of 0.1, 1, and 10 
psi/day, the number of bubbles formed would be ap- 
proximately 10, 100, and 1,000 cu ft of reservoir rock. 
Their value of bubbles formed is lower than given by 
Kennedy and Olson; however, the order of magnitude 
agreed satisfactorily. 

The rate of diffusion will also affect the number of 
bubbles formed. If the diffusion coefficient is high, the 
gas in solution in the oil surrounding a single bubble 
will tend to diffuse into the bubble rather than forming 
other bubbles. On the other hand, the formation of more 
bubbles will tend to occur if the diffusion coefficient is 
very low. 

In his thesis dated Aug., 1953, Wood’ reports on the 
frequency of bubble formation in a system consisting 
of oil and rock from the Rangely field. In the present 
work, the apparatus of Wood was redesigned to allow 
greater precision, especially at low supersaturations, 
where bubble growth is slower, and detection is more 
difficult. 
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MATERIALS AND EQUIPMENT 


Three systems were investigated and designated as 
A, Beand C: Group A involved a sample of rock from 
an outcrop of Woodbine sand near Arlington, Tex., and 
crude oil from the East Texas field which produces 
from the Woodbine formation. Group B consisted of a 
core and crude oil sample from the San Andres forma- 
tion in the Slaughter field in Hockley County, Tex. 
Group C involved a core from the San Andres forma- 
tion and a crude oil sample from the East Texas field. 

The specimen of Woodbine sand was a coarse grained, 
loosely consolidated sandstone substantially rectangu- 
lar in shape, 3 X 3.2 x 4.8 cm, having a total volume 
of 46.08 cc and a pore space of 13.45 cc. Its average 
horizontal permeability was 5.62 darcies. 

The core from the San Andres formation was ob- 
tained from a depth interval of 4,949 to 5,060 ft. The 
core was very dense dolomite and was initially cut using 
crude oil as the circulating fluid. Plugs cut from the 
original core had the following properties: vertical per- 
meability, 44.7 md; horizontal permeability, 28.1 md; 
Porosity, 15.9 per cent; and water saturation, 36.6 per 
cent of pore space. 

For the data obtained in Group B, the core was cut 
in cylindrical shape with a diameter of 3.13 cm and a 
length of 5.24 cm. The core used to obtain the data in 
Group C was cut in a cylindrical shape with a diameter 
of 3.2 cm and a length of 5.3 cm. Neither core was 
Cleaned or contacted with water prior to performing 
the tests. 


COMMERCIAL METHANE UseEp as DIFFUSION MEDIUM 


-Fhe gas used to recombine with the oil was a com- 
mercial methane gas, containing 96.3 per cent methane, 
0.86 per cent carbon dioxide, 1.77 per cent nitrogen, 
and 1.07 per cent ethane and heavier. 

The equipment consisted primarily of two water 
reservoirs, a mixing chamber, core bomb and bellows 
chamber. A schematic diagram of the equipment layout 
can be seen in Fig. 1. 

The water reservoirs were used as a source of pres- 
sure for the system. A small gas Cap was maintained in 
one of the reservoirs so the pressure would not decline 


rapidly when fluid was withdrawn. A mercury cushion 


was kept between the water and the oil in the mixing 
chamber. 

The core was mounted in a steel bomb as shown in 
Fig. 2. All exposed steel surfaces and the surface of 
the core, excluding the ends of the core, were given 
three coats of Hysol resin. The core was mounted in low 
melting alloy and the end surface of the alloy was 
coated with resin. A Lucite spacer was placed at the 
down stream end of the core to prevent the core from 
seating up against the bomb and restricting oil flow. 

All exposed surfaces in the bomb were coated with 
Hysol resin because the resin was found to avoid bub- 
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ble formation on its surface. No material other than the 
core and the resin was in contact with the oil in the 
core bomb. Bubble formation tests made on the system 
excluding the core indicated that supersaturations in 
excess of 100 psi could be obtained without bubbles 
forming in the lines. This eliminated the possibility that 
the bubbles would form at points other than in the core. 


SYLPHON BELLows UsEp To DETERMINE 
VOLUME CHANGES 


A dead-weight tester sensitive to 1 PSi was used 
to measure the pressures. To measure very small vol- 
ume changes, a sylphon bellows, mounted in a gas cham- 
ber as shown in Fig. 3, was-used. The bellows had six 
convolutions and expanded 0.003 in. for a pressure in- 
crease of 1 psi. It was connected to the core bomb and 
contained dead oil so there would be no danger of 
bubbles forming inside the bellows. It was found that 
the most sensitive operation resulted when the gas pres- 
sure outside the bellows was 10 psi higher than the 
oil pressure inside the bellows. 

An extended valve stem could be screwed down 
from the top of the chamber so that it would make con- 
tact with an insulated, stainless steel plate on top of 
the bellows. Two insulated wires, one from the plate 
and one from the chamber, were connected to a source 
of DC current and to a circuit breaker, When, the plate 
touched the valve stem the electrical circuit would be 
closed and the circuit breaker would open, stopping a 
clock. 

Connected to the stem of a valve in the oil line be- 
tween the core bomb and the bellows chamber was a 
pointer under which was placed a dial calibrated into 
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360 divisions. This valve was used as a piston pump 
during the test, allowing injection of measured volumes 
of fluid as small as 0.053 cu mm. A volume change of 
0.053 cu mm would cause the electrical contacts to 
make or break contact. 

Both the core bomb and the bellows chamber were 
immersed in an oil bath which was kept at a tem- 
perature of 71.3 °C + 0.01 °C. This close temperature 
control was required to maintain the oil volume of the 
system within the desired limits. 


EXPERIMENTAL PROCEDURE 


The oil and gas were combined in the mixing cham- 
ber and the bubble point of the live oil was measured 
within 1 psi. 

In preparing to make the bubble formation tests the 
core was evacuated and dead oil was pumped into it. 
The pressure was built up to 3,000 psi and allowed to 
stand for a period of at least 10 hours to insure against 
any free air being in the core. A volume of live oil 
equal to twice the pore volume of the core was flushed 
through the core at a very slow rate to assure displace- 
ment of all the dead oil. 

When making the actual bubble formation tests the 
pressure on the core was lowered to 10 psi above the 
bubble point and allowed to stand for 30 minutes to 
allow the pressure in the core to equalize, thereby, 
avoiding increase in pressure from this cause during 
the test runs. The pressure on the core was then low- 
ered to the test pressure, and the clock started. Then 
the extended valve stem in the bellows chamber was 
adjusted so that it was barely breaking contact with the 
bellows. 

As the pressure equalized in the core, the pressure 
of the system increased causing the bellows to expand 
and make contact with the extended valve stem. To 
keep the pressure constant, the volume was adjusted 
by opening the calibrated valve. The volume increase 
was measured and plotted against time. The initial pres- 
sure increase was rapid, but tended to level off, as 
shown in Fig. 4. When a bubble formed, a break 
in the curve occurred due to the gas diffusing into 
the bubble. The time of bubble formation could be easily 
determined from the volume-time plot, of which Fig. 
4 is a representative sample. 

After the bubble had formed, the calibrated valve 
was closed and the pressure on the core was increased 
to 2,800 psi and allowed to stand for a period of at 
least two hours before another run was made. The SYS- 
tem was allowed to stand under high pressure so that 
the gas bubble which had formed would have time to 
go back into solution and diffuse uniformily. Tests made 
on the Woodbine core and East Texas crude at a super- 
saturation of 28 psi showed that one hour was suffi- 
cient time for this purpose. This can be seen from Fig. 
5, indicating that there is no higher bubble frequency 
at short times of standing. The points varied with no 
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definite trend and a straight line drawn through the av- 
erage of the runs seemed to give a good average curve 
as related to the plotted points. This curve was a verifi- 
cation check for a similar curve by Wood. 

The data obtained for Group A, (East Texas crude 
oil and Woodbine core), Group B, (Slaughter crude 
oil and San Andres core), and Group C, (East Texas 
crude oil and San Andres core), are shown in Tables 1, 
2, and 3, respectively. Fig. 6 is a plot of the frequency, 
1.e., bubbles per second per cubic foot of reservoir rock, 
vs supersaturation. To obtain the frequency of bubble 
formation the number of bubbles formed was divided 
by the total time for bubble formation and by the bulk 
volume of the core. The initial bubble formed was the 
only one of interest because the system may have been 
changed appreciably by its formation. 

For Group A no bubble was observed for supersatu- 
rations less than 19 psi. The frequency ranged from 
zero at 14 psi supersaturation to 3.1 at 39 psi. Test 
runs were made at supersaturations of 14, 19, 24, 29, 
and 39 psi. In two supersaturation runs at 14 psi, the 
system was allowed to stand 26 and 30 hours without 
bubbles forming. The bubble point of the fluid was 
1,172 psi. 

For Group B no bubble formation was detected for 
supersaturations less than 25 psi and the frequency 
varied from zero at 20 psi supersaturation to 3.1 at 40 
psi. Test runs were made at supersaturations of 20, 25, 
30, 35, and 40 psi. Three runs at 20 psi supersaturation 
were allowed to stand for 25, 25, and 26 hours, re- 
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spectively, without bubbles forming. The bubble point 
of the fluid was 1,405 psi. 

In Group C no bubble formation was detected at 
Supersaturations less than 20 psi, and the frequency 
ranged from zero at 15 Psi supersaturation to 2.6 at 
40 psi. Test runs were made at 15, 20, 25, 30, 35, and 
40 psi supersaturations. The 15 psi run was allowed 
to stand for 26 hours without bubbles forming. The 
bubble point of the fluid was 1,228 psi. 


TABLE 1—TESTS FOR BUBBLE FREQUENCY FOR GROUP A 
East Texas Crude and Woodbine Core 
Bubble Point 1,172 psi 


Frequency 
Super- Time to Initial Average Bubbles/sec/ 
Test saturation, Bubble Formation, Time cu ft of 
No. psi seconds seconds Res. Rock 
il 39 151 
2 39 176 
3 39 190 
4 39 209 =: 
5 39 253 196 SHS 
6 29 585 
7 29 703 
8 29 490 
9 29 433 
10 29 680 
11 29 550 574 1.07 
12 24 2,395 
13 24 3,400 
14 24 3,137 
15 24 3,910 
16 24 5.403 3,649 0.168 
17 19 20,125 
18 19 11,420 
19 19 15,795 
20 19 13,290 15,158 0.0404 
21 14 No bubble in 26 hours 


No bubble in 30 hours 


TABLE 2—TESTS FOR BUBBLE FREQUENCY FOR GROUP B 
Slaughter Field Crude and San Andres Cort 
Bubble Point 1,405 psi 


Frequency 
Super- Time to Initial Average Bubbles/sec/ 
Test saturation, Bubble Formation, Time cu ft of 
No. psi ~ seconds seconds Res. Rock 
1 40 168 
2, 40 210 = 
3 40 218 
4 40 200 
5 40 440 
6 40 120 226 3.10 
7 35 314 
8 35 538 = 
9 35 555 
10 35 450 
11 35 511 
12 5) 454 470 1.49 
13 30 5,214 
14 30 6,425 
15 30 5,030 
16 30 5,181 
17 30 4,275 
18 30 4,332 f 5,076 0.138 
19 25 21,865 
20 25 24,621 
21 25 27,857 
22 25 21,940 24,071 0.029 
23 20 No bubbles in 25 hours 
24 20 No bubbles in 25 hours 
25 20 No bubbles in 26 hours 


TABLE 3—TESTS FOR BUBBLE FREQUENCY FOR GROUP C 
East Texas Crude and San Andres Core 
Bubble Point 1,228 psi 


Frequency 
Super- Time to Initial Average Bubbles/sec/ 
Test saturation Bubble Formation, Time cu ft of 
No. psi seconds seconds Res. Rock 
1 40 209 
2 40 222 
40 346 
4 40 289 
5 40 240 
6 40 228 256 2.59 
7 35 401 
8 35 406 
9 35 454 
10 35 669 
11 35) 
12 35 595 550 1.20 
13 30 1,031 
14 30 1,188 
15 30 2,360 
16 30 
1 30 
3 30 1,297 1,282 0.516 
19 25 6,041 
20 25 4,594 
21 25 9,265 
22 25 5,587 
23 25 4,561 6,010 0.112 
24 20 11,730 
20 11,833 
6 20 11,129 11,564 0.0572 
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At each supersaturation sufficient runs were made to 
give an average which would not be changed substan- 
tially by further observations. As shown in Fig. 6, the 
curves for all three groups are concave upward, and 
the frequency increases very rapidly as 40 psi super- 
saturation is approached. These curves are similar in 
shape to the one obtained by Wood; however, bubble 
formation was detected at lower supersaturations than 
he observed. Wood, in his work, obtained bubble fre- 
quencies ranging from substantially zero at 27 psi su- 
persaturation to 2.05 at 42 psi supersaturation. 

Bubble formation was obtained at a lower supersatu- 
ration in the East Texas crude than in the Slaughter 
field crude. A plausible explanation is that the differ- 
ence may be due to higher surface tension of the latter 
liquid. From five surface tension measurements made 
using a Cenco-du Nouy Tensiometer an average value 
of 29.9 dynes/cm was obtained for the East Texas 
stock tank crude at 90°F; whereas, 32.5 dynes/cm was 
obtained for the Slaughter field stock tank crude at the 
Same temperature. With the dissolved gas being of the 
same composition, it is likely that a corresponding dif- 
ference would persist at the bubble point, and reduce 
the resistance to bubble formation in the case of the 
East Texas oil as compared to that from the Slaughter 
field. 

It is likely that the difference between bubble fre- 
quencies in the two cores could be explained by lower 
areas per cubic foot of the Slaughter cores, as suggested 
by visual examination. In any event, the variation in 
supersaturation pressure at a given frequency attribu- 
table to both oil and core is not great, and is probably 
less than the error in determining the true pressure in 
most reservoirs. 


CONCH TONS 


For the conditions under which this research was 
carried out, the following conclusions can be reached: 

1. A definite degree of supersaturation varying from 
14 to 25 psi for different rocks and oils can be imposed 
without bubbles forming. 

2. Supersaturations of 19 psi for the East Texas oil 
and core and 25 psi for the Slaughter field oil and 
core were required before bubbles formed. 

3. Changing the type of reservoir rock affected the 
frequency of the bubble formation to an extent in ex- 
cess of the error of measurement. The effects are with- 
in the range which could possibly be explained by 
variation of surface tensions of the oils and surface 
areas of the reservoir rocks. 
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Factors Affecting Well Productivity 
I. Drilling Fluid Filtration 


ABSTRACT 


This paper is concerned with: (1) 
an analysis and interpretation of the 
filtration characteristics of drilling 
muds on filter paper, and (2) an in- 
terpretation of early stage “filtration’’ 
on consolidated synthetic porous me- 
dia, herein referred to as the “surge 
loss’ period. 

It is shown that water-loss data can 
be plotted so as to disclose the exis- 
tence of a surge period, a non-uni- 
form cake thickness period, and a 
constant pressure filtration period. 
The same periods occur during ex- 
posure of consolidated porous media 
to muds. The data on consolidated 
porous media indicate that: (1) mud 
particles bridge pores inside porous 
media during the surge period, and 
(2) “filter cake” build-up inside por- 
ous media occurs during subsequent 
filtration. The data also show that 
the surge loss increases with sample 
permeability and with pressure dif- 
ferential. 


Original manuscript received in Society of 
Petroleum Engineers office on July 20, 1956. 
Revised manuscript received on Jan. Aur 
1957. Paper presented at Petroleum Branch 
Fall Meeting in Los Angeles, Oct. 14-17, 
956. 


Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 
cussion offered after Dec. 31, 1957, should be 
in the form of a new paper. 
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ENE ROD UCTION 


‘The phenomenon of mud filtrate 
invasion into porous sands of a drill- 
ing well has been recognized for 
many years.””** Part of API Code 
29 is concerned with the filtration 
testing of a drilling mud to yield data 
on this subject. In a number of in- 
vestigations “plastering properties” of 
muds were studied,”"** “plastering” 
apparently meaning cake forming 
properties. In such studies the charac- 
teristics (thickness, permeability, and 
toughness) of the cake and the rate 
at which the liquid phase of the mud 
was separated from the solids (fil- 
tration rate through the cake, com- 
monly referred to as water loss) were 
measured or at least considered. 


From the standpoint of its effect 
on well productivity, filtrate invasion 
into “clean” water-wet pay sands 
(i.e., those containing no clay min- 
erals) may not necessarily be a ser- 
ious problem. An increase in water 
saturation in the zone immediately 
around the wellbore would cause loss 
of oil permeability. However, in such 
a system, much of this water may be 
removed by oil production. If filtra- 
tion occurs into “dirty” sands (ie 
those containing appreciable clay 
minerals), clay swelling or other 
mechanisms may cause losses in oil 


1References given at end of paper. 


permeability which cannot be over- 
come by oil production.** 

The phenomenon of mud particle 
invasion into the pay sand of a drill- 
ing well was considered to be a pos- 
sible serious factor in the early days 
of rotary drilling. Opinions varied as 
to whether drilling fluids “mudded 
up” and “sealed” oil sands. In 1932 
Rubel,’ Gill,” and Parsons,” in sepa- 
rate papers, presented differences of 
opinion together with some labora- 
tory and field data concerning loss 
of oil production caused by drilling 
fluid invasion into pay zones. These 
papers, and the discussions, furnish 
a large background on this subject 
and indicate the very clear thinking 
of many men at a time when petro- 
leum production technology was in 
its infancy. Jones and Babson,’ and 
Silent,’ experimentally found that the 
depth to which mud particles invaded 
water-saturated sand packs was small 
(no greater than 1/16 in). Arn- 
quist” in 1937 observed loss of water 
permeability due to invasion of mud 
particles into water-saturated, con- 
solidated, sandstone samples. Wil- 
liams and Cannon‘ studied the filtra- 
tion properties of drilling muds and 
mentioned “sludge” which penetrated 
a short distance into the water-satu- 
rated filtering medium (sand pack). 
Byck’ concluded that formation per- 
meability had no effect on the plas- 
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tering behavior of mud fluids, and 
felt that his data “cast grave doubt 
upon the ability to force either ce- 
ment slurries or whole mud into 
homogeneous formations”; however, 
he stated in another reference” that 
“penetration of water together with 
fine colloidal matter into the oil- 
bearing sand may have a marked in- 
fluence upon the rate of subsequent 
production of oil from that sand.” 
Recent have shown 
that mud particle invasion into con- 
solidated porous media does occur 
and may cause substantial “perma- 
nent” reduction in effective per- 
permeability. 

This is the first of a series of 
Papers which will describe the work 
done at the Field Research Labora- 
tory of the Magnolia Petroleum Co. 
on the problem of formation dam- 
age by drilling fluids as a factor af- 
fecting well productivity. 


ANALYSIS AND 
INTERPRETATION 


FILTRATION CHARACTERISTICS OF 
DRILLING Mups ON FILTER PAPER 


The interpretation of the filtration 
characteristics of a drilling mud has 
been discussed at length in the lit- 
erature.””* While these works pre- 
sented worthy contributions to drill- 
ing mud technology, a few basic 
phenomena were not discussed. It is 
the purpose of this section to point 
out these basic phenomena. A method 
of plotting filtration data so as to 
obtain values of “corrected” water 
loss, surge loss, and a water loss ob- 
tained during a non-uniform cake 
thickness period is discussed. 

API Code 29 suggests that the fil- 
tration or wall-building character of 
a mud be reported as the volume of 
filtrate obtained during a 30-minute 
filtration test prescribed by the code. 
It is well known, however, that dur- 
ing the first few seconds of the test, 
a high flow rate of mud or filtrate is 
often obtained. This rate is higher 


than would be expected from an 


ideal constant pressure filtration pro- 
wess. 

It is believed that this high flow 
sate prevails while: (1) the septum 
(filter paper in the water-loss cell) 
«8 being bridged by solids, and (2) 
the formation of a relatively im- 
permeable filter cake is being initi- 
ated. Thus, it appears that two dis- 
tinct phases of the water-loss test 
occur before the final process of con- 
stant pressure filtration is established. 
The fluid volume passing through the 
filter medium during this early period 
has been variously referred to as 
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“surge loss”, “bridging loss”, “mud 
spurt”, “whole mud loss”, and “fil- 
trate excess” of the drilling mud. 

Visual determination of this vol- 
ume of fluid collected before con- 
stant pressure filtration starts is not 
considered feasible; however, one 
graphical method has been used for 
its estimation. In this method the 
filtration data are plotted on Car- 
tesian coordinate graph Paper as cu- 
mulative filtrate volume vs square 
root of cumulative time. The value 
of the intercept on the volume axis 
of the extrapolated straight line por- 
tion of the curve is generally consid- 
ered to be this “surge loss”, “mud 
spurt”, etc. If the standard 3-in. API 
test cell is used, the corrected water 
loss is taken as the difference be- 
tween the total filtrate volume value 
at 1,800 seconds and the value of the 
intercept on the volume axis. How- 
ever, this method does not indicate 
that the intercept is composed of two 
quantities. Other methods of plotting 
filtration data have been used; e.g., 
time/volume vs volume, log volume 
vs log time, and volume vs time. It 
is believed, however, that none of 
these plots have been used to investi- 
gate the phases occurring in a filtra- 
tion experiment before constant pres- 
sure filtration occurs. 


THEORY OF FILTRATION 


Eq. 1" when properly applied, is 
a very useful guide in evaluating the 
filtration characteristics of drilling 
muds. 


where © = time 
V=volume of filtrate at 
time, © 


m= a coefficient defined by 
physical characteristics 
of the mud filter cake 
and conditions imposed 
during filtration. 

”n = a constant defined by the 
fluid flow characteris- 
tics of septum. It is as- 
sumed in this paper 
that n represents the 
initial resistance to fluid 
flow of the septum 
(clean filter paper in 
the water-loss cell) be- 
fore contamination 
with mud. 


The mechanics of filtration suggest 
several important facts which must 
be considered when applying Eq. 1 
to a water-loss test on a drilling mud. 
At the beginning of the water-loss 
test, @/V is equal to the constant n, 


and describes the flow of mud into or 
through the filter paper septum. Dur- 
ing this brief period, m is zero since 
there is no filter cake present in the 
system. As soon as a particle bridges 
a given pore, ( internally or at the 
surface pore entrance) a filter cake 
iS initiated. The resistance to mud or 
filtrate flow through that pore in- 
creases. However, 0/V very nearly 
equals n as long as the added resis- 
tance due to bridging and initiation 
of a filter cake is negligible compared 
to the resistance of the septum. The 
period during which 6/V is essen- 
tially constant (equals n) is herein 
designated as the surge period. The 
volume of filtrate (or mud) obtained 
from the water-loss cell during the 
surge period is designated as the 
surge loss. 

As additional mud particles are 
“filtered” from the slurry by the par- 
ticle bridge in or on the porous sep- 
tum, the resistance to flow increases. 
The surge period ends when the re- 
sistance due to this early stage “filter 
cake” becomes significant. 0/V then 
becomes a function of both m and n. 

During the early stages of cake 
deposition, the pressure gradient 
through the cake varies over the area 
of the cake because of some degree 
of non-uniformity in cake thickness 
(evidence of this non-uniformity in 
Cake thickness is presented later). 
The value of m increases very rap- 
idly and essentially becomes constant, 
The period during which m is in- 
creasing can be described best as the 
non-uniform cake thickness period. 

When the cake becomes of such 
thickness that any non-uniformity in 
thickness is negligible in comparison 
to its total thickness, the pressure 
gradient becomes essentially uniform 
over the entire area of the cake. This 
period is the constant pressure filtra- 
tion period. During this time, m is 
constant. The value for m calculated 
directly from data obtained during a 
water-loss test does not accurately 
describe the constant pressure filtra- 
tion period because Eq. 1, as written, 
does not compensate for the first two 
periods before m becomes constant. 

This discussion is limited to evalu- 
ating muds in standard water-loss 
cells. In these cases, the values of n 
are very small compared to m, after 
a mud filter cake is formed, and may 
be neglected without appreciable er- 
ror. With the assumption, Eq. 1 re- 
duces to 

In Eq. 2, © and V are both cumu- 
lative values, and include respectively 
the time ©, of the surge period and 
the volume V, of the surge loss. If 
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©, and V, are subtracted from © and 
V respectively in Eq. 2, there results 


where 0’ = 0 — 8, 


nv = a number defining the fil- 
tration characteristics 
of the mud filter cake. 
(Increases from zero 
to a value which is 
constant for the con- 
stant pressure filtration 
period. ) 
A plot of 06’/V’ vs V’ using water- 
loss data passes through the origin. 
For simplicity, no correction is made 
for the non-uniform cake thickness 
period. Thus, for small values of V’, 
Eq. 3 is a curved line because mm’ 
varies. As V’ increases, m’ increases 
to a constant value, which results in 
a straight line, representative of the 
constant pressure filtration period. 
When a 30-minute water-loss test 
is made with sufficient care, several 
quantities that aid in evaluating the 
mud can be readily determined. The 
cumulative values of © and V are 
recorded during the test, with V4 
as the total volume of filtrate for 30 
minutes. A graphical extrapolation of 
the curved portion of a plot of 0/V 
vs V, to 6/V =O gives a value 
for the volume of the surge loss, V,. 
From the original data, the time of 
the surge, ©,, can be interpolated. 
With V, and ©, determined, V’ and 
©’ are readily obtainable. A plot of 
06’/V’ vs V’ will permit calculation of 
a value for m’ during the constant 
pressure filtration period. The cor- 
rected 30-minute (1,800 seconds) 
water loss, is 


30 


m 
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Fic. 1—Bentonite Finter Cakes. 


The excess volume (V,) collected 
during the water-loss test due to the 
non-uniform cake thickness is 

V WV 
The values of V,,V,, and V, serve 
to evaluate the filtration behavior of 
muds by the 30-minute water-loss 
test. 


EXPERIMENTAL RESULTS AND 
INTERPRETATION 


To demonstrate that a period ex- 
ists in the filtration process in which 
there is non-uniformity in cake thick- 
ness, Fig. 1 is presented. In each 
case the cake from a 5 weight per 
cent bentonite mud was deposited on 
a Whatman No. 52 filter paper. A 
differential pressure of 100 psi was 
maintained during the filtration. In 
Fig. 1, A is a photograph of the 
whole mud on filter paper. B is the 
result of a filtration test of six sec- 
onds duration at 100 psi and 80°F in 
a 3-in. diameter filtration cell. The 
volume of filtrate was 4.5 cc. The 
test for C lasted 15 seconds at the 
same pressure and temperature as 
for B. The volume of filtrate was 5.5 
cc. For D, the time of filtering was 
7.5 minutes at 100 psi and 80°F, and 
the volume of filtrate was 11.0 cc. 

The “orange peel” effect denoting 
non-uniformity in cake thickness is 
evident in B and C. The test to ob- 
tain the cake in B was stopped at 
what was estimated to be the end of 
the surge period. The test to obtain 
the cake in C was continued past the 
surge period. One cc of filtrate was 
collected after the filtrate started 
coming from the cell as drops. The 
“orange peel” effect is not present 
in A and D. In A, there was no 
cause for this effect. In D, the sur- 
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Fic. 2—Imprinits OF SUPPORTING SCREENS 

ON FILTER PAPER. 


face had become smooth as addi- 
tional cake was deposited. 

Fig. 2 is a photograph of the im- 
prints left on filter papers when 
identical pieces of filter paper were 
pressed against screens of 8 and 70 
mesh. The black marks on the papers 
in Fig. 2 represent those portions of 
the papers which would be in con- 
tact with the supporting screens. 

The open area in a piece of the 
8-mesh screen used is very nearly 50 
per cent of the total area, whereas 
that of the 70-mesh screen is about 
34 per cent of the total area.” This 
figure is presented as a visual illus- 
tration of the wide variation in open 
area. 

It is proposed that resistance of- 
fered to the flow of filtrate (or mud) 
by the portion of the filter paper in 
contact with the screen was greater 
than the resistance offered by the 
other portion of the paper. This con- 
dition caused the cake to be deposited 
unevenly over the filter paper. When 
the cake offered a resistance to the 
flow of filtrate such that the added 
resistance caused by the screen-paper 
contact was negligible, the non-uni- 
formity in the cake thickness over 
the filtering area became negligible. 
The above concepts were tested using 
the 8-mesh and 70-mesh supporting 
screens in a standard water-ioss cell. 
Tests were made with a 5 weight per 
cent bentonite slurry filtered through 
Whatman No. 52 filter paper at 80°F 
using 100 psi differential pressure. 
Table 1 gives comparative values of 
filtrate volumes when using the two 
supporting screens. The surge loss 
was greater when using the 8-mesh 
supporting screen. This is to be ex- 
pected since the wire-paper contact 
area and therefore the flow resistance 
due to this area was less for the 8- 
mesh than for the 70-mesh screen. 

The volume collected during the 
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mOn-uniform cake thickness period 
was greater for the 70-mesh screen 
because of the greater amount of 
contact area to be covered by filter 
cake during this period. The total 
amount of filtrate collected prior to 
establishment of uniform cake thick- 
ness (as indicated by a plot of 6/V 
vs V) was the same for both support- 
ing screens. This is not unexpected 
since filter cake must be deposited 
Over the entire filtering area, and its 
resistance should be of such magni- 
tude that the wire-paper contact re- 
sistance is negligible before the con- 
stant pressure filtration period can 
Start. It is interesting to note the 
time required for the first 6.0 cc of 
filtrate in each case. The time was 
27 seconds when using the 8-mesh 
screen and 65 seconds when using 
the 70-mesh screen. This further 
emphasizes the importance of the 
screen-paper contact area in the early 
stages of filtration tests. 


To illustrate how filtration data 
may be analyzed, the following ex- 
ample is cited. A 5 weight per cent 
bentonite slurry was tested using 
Whatman No. 52 filter paper on a 
70-mesh supporting screen in a stand- 
ard filtration cell at a temperature of 
80°F and a differential pressure of 
100 psi. The recorded data are pre- 
sented in Table 2 and plotted in Fig. 
3. The curved portion of the graph 
was extrapolated until it intercepted 
the V axis (n of Eq. 1 was assumed 
as zero). The value, 2.6 cc, was 
taken as the surge loss, V,. From the 
© and V values recorded, the time, 
for the surge loss, was _ inter- 
polated as three seconds. The 0’/V’ 
values were calculated and plotted 
vs V’ as curve EC shown in Fig. 
3. This plot showed that 0’/V’ 
was zero for V’ equal zero. Most of 
the points for large values of 6’/V’ 
and V’ fall on a straight line, CD. A 
curved line, EF, was drawn through 
the data points until it intercepted 
the straight line. This point of inter- 
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Fic. 3—A oF CUMULAT.VE 
Fintration Time—CuMuLative FILTRATE 
VoLuME FoR A 30-MiINUTE FILTRATION 
TEST. 
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TABLE 1—EFFECT OF MESH SIZE OF SUPPORTING SCREEN IN FILTRATION CELL ON FILTRATE VOLUMES 


Supporting Screen 


8-Mesh* 70-Mesh** 
Surge Loss 3.6 cc 2.6 cc 
Volume collected during non-uniform cake thickness period 4.4 cc 5.4 cc 
Excess volume attributed to non-uniform cake thickness period 1.0 cc 1.0 cc 
Total volume for 30-minute test WAP? {xe 16.5 cc 
Corrected 30-minute test 12.6 cc 12.9 cc 


Tests were made with a 5 weight per cent bentonite slurry using Whatman No. 52 filter paper in a 


standard water-loss ce!l of 80°F and 100 psi differential pressure 


section on Theory of Filtration. 
*Per cent Paper wire contact area—-50 per cent. 
**Per cent paper wire contact area—66 per cent. 


Values calculated as outlined in 


TABLE 2—DATA FROM A 30-MINUTE FILTRATION TEST ON A BENTONITE SLURRY 


v O/V Q’ 
cc sec sec/cc cc sec sec/cc 
3.0 3.5 0.4 0.5 1.25 
3.5 60 Iz 09 3.0 3.34 
4.0 12 3.00 1.4 9.0 6.41 
4.5 18 4.00 Tk9) 15 7.89 
5:5 46 8.37 2.9 43 14.8 

6.0 65 10.8 3.4 62 18.2 

6.5 92 14.2 3.9 89 22.8 

7.0 425 17.9 4.4 122 

8.0 206 25.8 5.4 203 37.6 

9.0 317 35.2 6.4 314 49.0 
10.0 436 43.6 7.4 433 58.5 

12.0 737 61.4 9.4 734 78.1 
13.0 932 71.6 10.4 929 89.3 
14.0 1150 82.0 11.4 1147 100 
15.0 1392 93.0 12.4 1389 112 
16.0 _ 1668 104 13.4 1665 124 
16.5 1800 109 13.9 1797 130 


Test was made with a standard water-loss cell fo 
No. 52 filter Paper 
differential pressure was 100 psi. 


J tr a5 weight per cent bentonite slurry using Whatman 
on a 70-mesh supporting screen. The temperature during the test was 80°F, and the 


TABLE 3—COMPARISON OF VALUES OBTAINED BY ANALYSES OF 
FILTRATION DATA BY THREE METHODS 


Corrected Excess Loss Due 
30-Minute Surge to the Non-Uniform 
= Graphical Water Loss Loss Cake Thickness 
Method Plot “Tee cc cc 
1 O/V vs V 12.9 2.6 1.0 
2 Vvs OY, 12.9 3.6 
3 AO/AV vs V 12.6 2.8 1.1 


Test was made with a standard water-loss cell for a 5 weight per cent bentonite slurry using Whatman 
No. 52 filter Paper on a 70-mesh supporting screen. The temperature during the test was 80°F, and the 
differential pressure was 100 psi. A total volume of 16.5 cc of filtrate was collected in 30 minutes. 


section was taken as 5.4 cc for the V’ 
value at which m’ became a constant 
value. The slope m’ of the straight 
line portion of the plot was calculated 
as 10.8 sec/cm.’ By Eq. 4, the cor- 
rected 30-minute water loss was cal- 
culated as 12.9 cc. The excess vol- 
ume due to the non-uniform cake 
thickness was calculated by Eq. 5 to 
be 1.0 ce: 

The values which summarize the 
30-minute water loss are: 
Corrected 30-minute water 


(V5, _ ) 
Surge Loss (V,) 
Excess loss due to non- 

uniform cake thickness 

period (V,) 
Total filtrate volume for 

30-minute test (V4) 16.5 cc 


The excess volume due to the non- 
uniform cake thickness period may 
also be calculated by the following 
method. From Fig. 3, curve EF in- 
tercepted line CD at V’ equal 5.4 
cc, at which point, 6’/V’ = 38. This 
gives 0’ a value of 204 seconds. Let- 
ting m’ = 10.8 sec/cm® and ©’ = 
204, Eq. 4, 0’/V’ = gives V’ 
a value of 4.35 cc. Subtracting 4.35 
from the value of 5.4 cc, which was 
recorded in Fig. 3, gives the excess 
volume due to the non-uniform cake 
thickness a value of 1.05 cc. This 


value is in good agreement with the 
1.0 cc calculated by Eq. 5. 

There are at least three methods 
which may be used in analyzing the 
filtration characteristics of slurries. 
In each method the data are plotted 
on Cartesian coordinate graph paper, 
but modified forms of the filtration 
equation are used in each method. 
The first method is the one which is 
discussed at length in this paper. The 
second method involves the use of 
a variation of Eq. 1: 

V =m’ 0” + 5b (6) 


where V = cumulative volume of fil- 
trate at time, © 
6 = time 


m’” =a coefficient defined by 
physical characteristics 
of the mud filter cake 
and conditions imposed 
during filtration. 

a quantity defined by the 
physical properties of 
the mud, conditions 
imposed during filtra- 
tion process, and char- 
acteristics of the sep- 
tum. 

When interpreting water-loss data 
by Eq. 6, a plot of V vs 6” is used. 
A straight line is drawn through the 
data points and extrapolated to © 
= zero. The intercept on the V axis 
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is taken as b. This value is usually 
interpreted as the surge loss. The in- 
tercept, of course, must equal the 
difference between the volume col- 
lected during the 30-minute test and 
the “corrected” 30-minute water loss 
as determined by the plot. 

The third method of expressing the 
filtration equation is the differen- 
tial form of Eq. 1, 

dV 
A plot of A8/AV vs V on Cartesian 
coordinate paper affords a method of 
separating the filtration process into 
the three periods as was done in the 
first method. The analysis of water- 
loss data by Eq. 7 is considerably 
more time consuming than by the 
first two mentioned methods. 


Table 3 lists the values obtained 
from analyses of the data from one 
water-loss test by the three methods. 
Method 2 does not afford a means of 
separating the surge loss from the 
excess loss occurring in the non- 
uniform cake thickness period, but 
the value obtained as the sum of 
the two appears correct. The values 
obtained by the first and third 
methods agree within the accuracy of 
the interpretations of the graphs. 


When only the “corrected” 30- 
minute water loss is wanted from an 
analysis, the simplest of the three 
methods is the one using a plot of V 
vs 6”; however, plotting the square 
root of time tends to make it appear 
that the test has progressed into the 
constant pressure filtration period be- 
fore it actually has reached that 
period. Methods 1 and 3 are both 
useful in a more complete analysis 
of the water-loss test data. Any er- 
rors and irregularities are magnified 
in method 3, but it involves consid- 
erably more time consuming compu- 
tations than method 1. Thus for 
most purposes the first method is 
recommended. 


THE SuRGE Loss PERIOD — 
CONSOLIDATED Porous MEDIA 


It was suggested above that the 
high flow rate (surge period) of a 
standard water-loss determination 
prevails while the septum (filter 
paper) is being bridged by solids and 
filter cake formation is being initi- 
ated. It was shown that the surge 
period was of relatively short dura- 
tion. The same phenomena appear 
to occur when consolidated porous 
media are exposed to a mud under 
some pressure differential. Thus, ex- 
periments were designed in which 
porous samples were exposed to a 
mud under a differential pressure. 
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The “filtration” behavior of such sys- 
tems was evaluated and the per- 
meabilities of the porous sample be- 
fore and after exposure were com- 
pared. 


EXPERIMENTAL PROCEDURE 


The mud used in these experi- 
ments was a 5 weight per cent slurry 
of commercial bentonite in distilled 
water. 

The porous media used were 1 in. 
diameter, 14 in. thick Alundum discs 
of various permeabilities (from 50 
to 500 md) saturated with sterile, 
filtered, de-gassed, distilled water. 
The permeability to water of each 
porous sample was determined prior 
to mud exposure. The samples were 
exposed to mud at room temperature 
under pressure differentials of either 
10, 100, or 200 psi for 30 minutes, 
unless otherwise indicated. After ex- 
posure, the samples back- 
flushed with distilled water. The per- 
meabilities before and after exposure 
and backflush were compared. 


DATA, RESULTS, AND 
DISCUSSION 


In Fig. 4 are plotted 6/V vs V 
data for three of the static mud plas- 
tering experiments. These plots show 
that: (1) a very high “flow” rate oc- 
curred in the early stages of the ex- 
periment, (2) that a period existed 
in which the rate of change of “flow” 
rate was decreasing with time, and 
(3) that the rate of change of flow 
rate was constant with time in the 
later stages of the experiment. (Ac- 
tually, the line representing stage 
(3) is not straight; however, if the 
data are “corrected” by subtracting 
the surge volume and time values, 
the ©’/V’ vs V’ curves will be 
straight.) These stages correspond to 
those discussed above for filter paper 
septa, and, according to the inter- 
pretations presented, represent: (1) 
the surge loss period, (2) the non- 
uniform cake thickness period, and 
(3) the constant-pressure filtration 
period. 


These results suggest that mud 
particles bridged pores and initiated 
filter cake formation during the 
surge period. The effluent from each 
sample was cloudy during this stage, 
showing that some mud _ particles 
(probably clay minerals) were small 
enough to traverse the thickness of 
the sample. Particle bridging must 
occur during this period or the flow 
of mud through the sample would 
have continued. 


As the experiment progressed the 
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effluent became less cloudy and the 
flow rate decreased non-linearly with 
time. This behavior characterizes the 
second stage of the experiment, the 
non-uniform cake thickness period. 
It is suggested that in this stage, ad- 
ditional particles were “‘piled-up” be- 
hind the bridging particle or particles 
so that a “filter cake” was being 
rapidly built. 

When the resistance to flow of 
the filter cake became very large 
compared to that of the original sep- 
tum, the change in flow rate of efflu- 
ent became constant with time, i.e., 
6’/V’ changed linearly with time on 
a Cartesian coordinate plot. This 
linear change of flow rate with time 
is characteristic of a constant pres- 
sure filtration process, and describes 
the data obtained in the late stages 
of these experiments. 


To illustrate the bridging of pores 
during the early stage of the filtra- 
tion process, a few experiments were 
performed on porous Alundum sam- 
ples in which the time of exposure 
was very short, 10 to 30 seconds. 
Only limited volume-time data could 
be taken in these short term experi- 
ments, a typical set being: 


EFFLUENT FILTRATION 
VOLUME, CC TIME, SEC 
0.85 3 
0.98 WH 
1.10 30 


Data of this nature shows that by 
far the greatest portion of the volume 
collected was the surge volume, and 
that a high resistance to flow was 
being formed. The permeability of 
each porous sample after exposure 
and considerable backflushing (sin- 
gle liquid phase system) was 40 to 
50 per cent of the original value. This 
shows that substantial “permanent” 
damage to the permeability of the 
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Porous sample was sustained even 
when the exposure time was so short 
that the surge loss period was barely 
exceeded. 

Although pore bridging appears to 
be obvious if a filter cake is formed, 
the location of the bridges (inside or 
on the surface of the porous me- 
dium) may not be readily apparent. 
However, permeability measurements 
made on the porous samples before 
and after exposure backflush 
with water showed that some per- 
meability reduction was always sus- 
tained as a result of the mud expos- 
ure. Since these inert porous media 
contained a single liquid phase, the 
only apparent mechanism by which 
the reduction of permeability can 
be explained is that some mud par- 
ticles invaded into and were retained 
in the porous sample, plugging some 
pores and thus retarding water flow. 
Surface pore bridging is also in- 
volved. 

It is evident from Fig. 4 that the 
surge loss of the mud used increased 
with pressure differential for a given 
porous sample permeability. In Fig. 
5 are plotted surge loss vs initial 
water permeability of the sample for 
all experiments performed in this 
program. This plot shows that: (1) 
the surge loss volume increased with 
pressure differential for a given sam- 
ple permeability, and (2) the surge 
loss at a given pressure differential 
increased with increasing original 
sample permeability. 

The bridging phenomenon and the 
presence of particles in the effluent 
indicate that the surge loss of a mud 
probably depends on the particle 
size (and shape) distribution of the 
mud, the pore entry size distribution 
of the porous medium, and possibly 
other factors. 


CONCLUSIONS 


1. Volume-time data obtained dur- 
ing exposure of filter paper or a 
consolidated porous medium to a 
mud under differential pressure may 
be analyzed by considering that three 
stages are involved in the experi- 
ment. 
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2. A surge loss period prevails dur- 
ing an early part of the exposure of 
filter paper or a consolidated porous 
medium to mud during which mud 
particle bridging of pores apparently 
occurs. 

3. In a standard water-loss test the 
surge loss and the volume collected 
during the non-uniform cake thick- 
ness period are affected by the ex- 
tent of contact between the support- 
ing screen and filter paper. 

4. A filter cake is formed “up- 
stream” from the particle bridges, 
both internally as well as at the ex- 
posed surface of the porous sample 
as filtration continues. This is indi- 
cated by loss of permeability as a 
result of exposure to the mud. 

5. “Permanent” loss of permeability 
was sustained by porous samples ex- 
posed to a mud even in the cases of 
very short (10 to 30 seconds) ex- 
posure periods. 

6. The surge loss volume increased 
with pressure differential for a given 
original sample permeability. The 
surge loss volume also increased with 
original sample permeability at a 
given pressure differential. 
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Factors Affecting Well Productivity 
II. Drilling Fluid Particle Invasion into 


AB SER AC 


.“e phenomenon of drilling mud 
particle invasion into consolidated 
porous media is discussed. The data 
and results are presented in two 
parts: (1) a study of the ability of a 
mud containing sized particles to 
bridge and initiate filter cake forma- 
tion on or in consolidated porous 
media, and (2) a study of the degree 
and extent of reduction of the ef- 
fective oil permeability of porous 
media by mud invasion. 


This stwdy has shown that (1) 
bridging of pores by particles is re- 
quired to initiate filter cake forma- 
tion, (2) a filter cake may be formed 
inside the pores of the invaded zone 
of the porous sample, and (3) mud 
particles invade porous media of the 
type studied to a depth of at least 
I to 3 cm and cause substantial “per- 
manent” reduction in effective oil 
permeability. 


ODUCT LON 


The first paper’ in this series de- 
scribed filtration characteristics of 
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drilling muds and presented data on 
the surge phenomenon. It was shown 
that a reduction in permeability of 
the samples used resulted from ex- 
posure to the mud. The most plaus- 
ible reason for a loss in permeability 
was the invasion of solid particles 
into the pores of the porous medium 
resulting in plugging of these pores. 

Several. have pointed 
out that a loss of permeability of a 
sample occurs after exposure to 
muds. The particle invasion phe- 
nomenon was usually deduced, as 
in the first of this series of papers, 
from a loss in permeability of the 
sample after such exposure. Nowak 
and Krueger’ observed a cloudy fil- 
trate coming from the Alundum sam- 
ples used in their experiments. Elec- 
tron micrographs of the solids con- 
tained in these filtrates provided 
good evidence of particle invasion 
into and through a porous medium, 
and certainly indicated that other 
mud particles probably invaded and 
remained in the pores. 


It has been suggested’ that mud 
particle bridging of pore entries 
(either internal or external, or both) 
cecurred during the surge period of 
an experiment wherein a consoli- 
dated porous medium was exposed 
to a mud under a pressure differen- 
tial. This concept was inferred both 


from a study of industrial filtration 
theory and practice’ as well as from 
laboratory data. In such a system de- 
scribed above, if the filtrate becomes 
clear and the rate of flow follows 
filtration laws, complete removal of 
clays and a constant-pressure filtra- 
tion process is indicated. These con- 
ditions could prevail only if a filter 
cake were formed inside and/or on 
the exposed surface of the porous 
medium. The only factor which must 
be determined is whether the cake 
is inside, on the surface of the por- 
ous medium, or both. 


It is the purpose of this paper to 
show that mud particles can invade 
to an appreciable depth into the 
pores of a porous medium, form a 
“filter cake” in the pores, and cause 
a substantial reduction in the ef- 
fective oil permeability of the in- 
vaded zone. 


SOME CONCEPTS OF MUD 
PARTICLE INVASION INTO 
POROUS MEDIA 


Consider a drilling mud having a 
wide particle size distribution, the 
largest particles being sand grains 
or other particles generally larger 
than the entry size of the largest 
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pores, and the smallest particles be- 
ing bentonite particles, smaller than 
most of the pore entry sizes of the 
porous medium. With this system, a 
“static” filtration experiment may re- 
sult in some pores being bridged 
by particles at a point inside the sam- 
ple (hereinafter referred to as in- 
ternal bridging), while other pores 
may become bridged at a surface 
pore entrance (called surface bridg- 
ing). The maze of interconnections 
between pores in a porous medium 
complicates the picture considerably. 
Assume a pore consists of many 
void spaces joined one to another by 
small channels. From a given space 
several interconnections lead to ad- 
jacent pore spaces. The intercon- 
nections are ordinarily of smaller 
size or cross-sectional area than the 
bulk of the pore void itself, and ac- 
cordingly, bridging with solid par- 
ticles should take place at these in- 
ternal pore entries rather than within 
the pore space. 


If one pore entry should become 
blocked by a mud particle, other par- 
ticles may “flow” toward and through 
other entries until all “exits” from 
the void space are blocked. Even so, 
several particles at a pore entry may 
be required to prevent passage by 
the smallest particles in the mud sys- 
tem. Optimum bridging would result 
from the particle size distribution in 
the mud being perfectly matched to 
the pore entry size distribution with- 
in the rock so that each pore entry 
could be bridged as rapidly as per- 
mitted by the particular fluid flow 
rate involved. 


Fig. 1 is a sketch depicting a con- 
figuration of sand grains and pore 
space in a plane through a hypo- 
thetical porous sample. Cementation 
and sand grain contacts are not 
shown in this sketch in order that 
the idea of interconnections between 
pore “channels” can be emphasized. 
The top of the diagram represents 
the surface of a sample exposed to 
a mud. No surface filter cake is 
shown because this discussion is con- 
cerned entirely with particle inva- 
sion. This omission does not imply 
lack of importance of a surface 
cake. Reference to Fig. 1 will be 
made in the following discussion in 
order to clarify the ideas just pre- 
sented. 


If a pore that is internally bridged 
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at some point in the sample contin- 
ues to permit fluid to pass through 
it at some reduced rate, one of two 
possible phenomena may occur. On 
one hand, the portion of the pore 
upstream from the bridge may be- 


come completely filled with clay or — 


other particles (smaller than the pore 
entrance size) as they are filtered 
out of the mud passing through the 
pore. This is indicated by Pore 1 in 
Fig. 1. After a pore is filled a sur- 
face filter cake is formed by con- 
tinued filtration. 


On the other hand, if a particle 
somewhat larger than the surface 
pore entry diameter is devosited at 
the surface pore entrance after the 
internal bridge has been formed, the 
surface filter cake may start to form 
immediately, and the pore volume 
between the pore entrance and the 
internal bridge would not necessarily 
be filled with filter cake, as depicted 
in Pores 2 and 3. If a pore is sur- 
face bridged at the exposed surface 
of the formation before internal 
bridging occurs, a surface filter cake 
may be initiated immediately, and 
the pore volume inside the sample 
would never become filled with filter 
cake, unless this cake formed as a 
result of invasion through one of 
the interconnecting internal pore en- 
tries as shown in Pore 4. 


Assume the thickness of the sur- 
face filter cake over a given porous 
sample is uniform over the entire 
sample surface. It seems apparent 
that greater resistance to filtrate flow 
should be offered by a pore which is 
completely filled by filter cake from 
the point of internal bridging to the 


exposed surface than by a pore of 
the same size which is surface 
bridged only. However, the added 
resistance due to the internal cake 
may well be overshadowed by the 
resistance of the surface cake. The 
permeability to mud filtrate of a fil- 
ter cake formed inside the pores of 
a porous medium should be low. 
However, it seems unlikely that this 
value would be as low as that of 
bulk filter cake (i.e., that formed on 
the surface of a sample) for the fol- 
lowing reasons: (1) the packing of 
mud particles in pores, for example, 
1 micron (or larger) particles in 10- 
micron pores, would probably be 
strongly affected by the presence of 
the wall and the filter cake in the 
pores would accordingly have a 
Aigher porosity than in a surface fil- 
ter cake; (2) the incomplete filling 
of pores by cake as depicted in Fig. 
1 would also yield a higher appar- 
ent “porosity”; and (3) the effective 
_length over which filtrate must flow 
through an internal cake may be 
less than the total depth of particle 
damage if lateral interconnections 
lead to an unfilled pore space, as in- 
dicated by A in Fig. 1. 
_ Consider the same system as de- 
scribed above, but now include a 
drag-type bit drilling or scraping 
the porous medium surface. The 
only apparent short term effects 
should be the prevention of the form- 
ation of a surface filter cake and 
some change in the proportion of the 
surface bridges formed. Essentially 
the same mechanisms of internal fil- 
ter cake formation and growth in a 
given pore would likely prevail until 
a particle bridge is removed by bit 
penetration. 

In the drilling case, as bit penetra- 
tion removes portions of the filter 
cake impregnated zone, filtration be- 
neath the bit exhibits a rather charac- 
teristic behavior. Ferguson and Klotz’ 
presented data on, and an interpreta- 
tion of the “beneath the bit filtra- 
tion” phenomenon. Havenaar’ sug- 
gested a technique for calculating 
the “beneath the bit” filtration rate 
during drilling. This subject is di- 
rectly related to the problem of 
mud particle invasion into porous 
media. However, adequate treatment 
of the mechanisms involved in this 
process should include an analysis 
of such variables as drilling rate, 
permeability and pore size distribu- 
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tion of the porous sample, and par- 
ucle size distribution and surge loss 
properties of the mud. Such an anal- 
ysis is beyond the scope of the pres- 
ent paper. 

While the flow of filtrate into the 
system may be quite important, the 
problem of most interest insofar as 
mud particle invasion and internal 
filter cake formation is concerned is 
the effect of such phenomena on the 
effective oil permeability of the por- 
ous medium. If the internal filter 
cake cannot be removed from the 
pores by oil flow through the sam- 
ple, the oil permeability will be re- 
duced because of the smaller ef- 
fective size of the pore channels 
available for oil flow and essentially 
complete physical blocking of oil 
flow in other channels. 


This section has presented postu- 
lated mechanisms for mud particle 
invasion into porous media and the 
possible effects of such invasion. 
Data to substantiate these hypotheses 
are presented in the following two 
parts: (1) invasion of sized mud 
particles into porous media, and (2) 
a study of the extent and degree of 
damage to the effective oil per- 
meability of porous media by mud 
invasion. 


BRIDGING OF POROUS MEDIA 
BY SIZED PARTICLES IN 
A MUD 


The concepts of mud _ particle 
bridging of pores in porous media 
suggest that certain relationships be- 
tween particle sizes in the mud and 
pore entry sizes of the porous me- 
dium must exist for optimum bridg- 
ing to occur. If all particles in a 
mud are sufficiently small, the entire 
mud will flow as a single “fluid” 
through a porous medium having 
sufficiently large pores. 


micron. Aluminum oxide (Alundum) 
powders were used, one fraction con- 
taining particles having a diameter 
of about 1 micron, another contain- 
ing a mixture of particles 2 and 
6 microns in diameter, and a third 
fraction which was approximately 21 
microns in diameter. These sized par- 
ticles were added to separate samples 
of the base mud in desired amounts 
and the filtration characteristics of 
each system were studied. 


The porous media used were 1-in. 
diameter Alundum rods covering two 
relatively narrow permeability ranges 
—about 70 md and 400 md. The 
porous samples, saturated with a 5 
weight per cent sodium chloride so- 
lution, were exposed to the mud at a 
pressure differential of 100 psi at 
room temperature. The permeability 
to water of each porous sample was 
determined before exposure to the 
mud and again after exposure and 
backflushing with water. Any sur- 
face mud filter cake was removed 
before backflushing. 


DaTA, RESULTS, AND DIscUSSION 


During the performance of the ex- 
periments, on many occasions the 
entire charge of mud flowed “unhin- 
dered” through the porous sample. 
In these cases permeability loss due 
to mud damage was not measured. 
In the remainder of the experiments 
filter cakes were formed on the por- 
ous samples and the loss of per- 
meability as a result of mud dam- 
age was determined. 


Fig. 2 is a bar-graph of the surge 
loss and per cent permeability recov- 
ery after backflushing the porous 
Alundum samples of indicated per- 
meability exposed to various mud 
compositions. The surge loss values 


were obtained as suggested in a pre- 
vious study." (Experiment numbers 
are shown at the extreme left on the 
graph.) Experiment 1 shows that a 
2-cc surge loss was sustained on a 
61-md Alundum sample using the 
base mud and that the sample ex- 
hibited essentially zero permeability 
to water after exposure and at- 
tempted backflush. The backflush 
pressure gradient imposed was as 
high as 60 psi/in. of sample. 


The addition of 1 Ib/bbl of 1-mi- 
cron particles to the base mud re- 
duced the surge loss to 0.8 cc on a 
76-md sample and resulted in a re- 
covered permeability of 24 per cent, 
as shown in Experiment 2. In both 
the above experiments, a constant 
pressure filtration period followed 
the surge loss. Experiment 5 shows 
that the base mud flowed “unhin- 
dered” through a 365-md Alundum 
sample, whereas addition of 1 Ib/bbl 
of 2- and 6-micron particles to the 
mud resulted in a 1.2-cc surge loss 
into a 376-md sample in Experiment 
7, followed by a constant pressure 
filtration period. The permeability 
recovery was 45 per cent of the 
original value. 


Experiments 5 and 7 indicate that 
particles larger than those contained 
in the base mud were necessary to 
initiate filter cake formation on 
Alundum samples of about 370 md. 
This indicates that the added particles 
were able to bridge pore entries (in- 
ternal or surface) to yield smaller 
openings which could be bridged by 
the particles of the base mud and 
result in filter cake formation (as in 
Experiment 1). 


Some of the bridges and subse- 
quent filter cake were probably 
formed at some point inside the por- 


SIZE OF 
SAMPLE PARTICLES 
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in which particular sized particles NONE 
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of clay minerals whose effective set- 
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Ous sample as evidenced by the loss 
of permeability to water of the sam- 
ple even after being backflushed with 
water. The particle bridges were 
probably formed in the early stages 
of the filtration process; the data 
show that a small “surge” of mud 
was followed by a constant-pressure 
filtration period. In Experiment 5 
no bridges were formed, and no fil- 
tration process occurred. In Experi- 
ment 7, bridges may have been first 
deposited during the surge period; 
these bridges then initiated filter 
cake formation; the filter cake 
brought about a constant-pressure 
filtration process; and at least a por- 
tion of the bridges and subsequent 
filter cake probably formed inside the 
porous sample as indicated by the 
loss in sample permeability. 


Inspection of the data presented 
for Experiment 1 suggests that the 
base mud bridged pores and formed 
an internal filter cake such that 
- the damaged sample permeability 
was very nearly zero. Addition of 
sized particles to the mud in Experi- 
ments 2, 3, and 4 may have caused 
surface bridging of some pores in- 
stead of internal bridging, resulting 
in these pores being left free of filter 
cake and with a greater recovery in 
permeability to water. 


These results suggest a technique 
for reducing the damage brought 
about by mud particle invasion, i.e., 
to add properly sized particles to a 
mud while drilling into pay sands of 
known pore size distribution such 
that effective surface bridging will 
occur predominantly and prevent 
some portion of the normal particle 
invasion. 


A STUDY OF DEGREE 
AND EXTENT OF MUD 
DAMAGE TO CONSOLIDATED 
POROUS MEDIA 


The foregoing section showed that 
considerable irreversible reduction in 
the permeability of water-saturated, 
synthetic porous media resulted from 
mud particle invasion during ex- 
posure to certain mud systems. The 
experiments to be described next 
were designed to study this phe- 
nomenon in greater detail. Special 
attention was given to evaluation of 
the degree or severity, as well as 
the depth or extent, of damage to 
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the effective oil permeability of oil- 
and-water-saturated consolidated por- 
ous samples. 


In order to carry out a study on 
the effects of mud invasion into a 
pay zone_in the vicinity of the drill 
bit, a small scale drilling model per- 
mitting linear flow experiments was 
built wherein certain phases of the 
drilling operations could be simu- 
lated. In this paper, the term “linear 
flow” is defined as fluid flow in 
which the pressure drop is along the 
length of the cylindrical sample, in 
contrast to radial flow wherein the 
pressure drop is along a radius of 
the sample. A diagram of this drill- 
ing assembly is shown in Fig. 3. 


Two types of bit action are re- 
ported herein. The process referred 
to as “drilling” was an experiment 
in which sufficient force was applied 
to the drill bit to cause approximately 
a l-cm penetration depth in sand- 
stone samples in five minutes. The 
second type of bit action in this 
study involved_a process of scraping 
the surface of Alundum porous sam- 
ples with the drill bit (the Alundum 
samples were too hard for the bit to 
cut). The “scraping” type experi- 
ment was performed under condi- 
tions such that: (1) the porous me- 


dium contained no formation clays 
which could be affected by fresh 
water filtrate, (2) the rotating bit 
(scraping action) could remove or 
prevent formation of a surface filter 
cake, and (3) the bit could not 
loosen fragments of the formation 
matrix which might be forced into 
the porous medium and bring about 
some particle plugging. In other 
words, conditions were such that all 
solids which invaded the porous 
sample must have come from the 
mud. 


The salt water saturated samples 
were flushed with Soltrol C (a stand- 
ard oil) until the flow rate through 
the sample was constant and no 
more water was evident in the dis- 
charged liquid. Plots of effluent water 


_ volume vs time indicate the average 


water saturation of the sample was 
approaching an asymptotic value. 


In the drilling and scraping ex- 
periments a 5 weight per cent ben- 


_ tonite mud was circulated against 


the porous sample surface with a 
bit jet velocity of 90 ft/min under 
a pressure differential of 100- psi 
across the porous sample. The drag 
bit was rotated at 100 rpm. The ex- 


‘periments were performed at room 


temperature. 


Static plastering experiments were 
performed on both Alundum and 
sandstone samples with the bentonite 
mud for five minutes at 100 psi 
differential pressure. Generally, only 
% to % pore volume of effluent 
was obtained, thus minimizing the 
effects of mud filtrate and emphasiz- 
ing the effects of mud particle pene- 
tration. 


After obtaining data for the ef- 
fective permeability to oil of the 
backflushed sample, small segments 
were cut from the end which had 
been in contact with the mud. Pre- 
vious experiments had shown that 
the use of such a technique had no 
measurable effect on the permeabil- 
ity of the samples used. The effec- 
tive permeability to oil of the re- 
mainder of the sample was then 
measured. This process was usually 
repeated until the effective perme- 
ability to oil of the remainder of 
the sample was essentially equal to 
that of the sample before exposure 
to the mud. 


The small segments removed from 
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the Alundum samples were tested oy 
a colorimetric technique for the 
presence of clay minerals. Benzidine 
will react with bentonite clays in 
suspension in water to yield an in- 
tense blue color.* If proper precau- 
tions are taken to prevent the pres- 
ence of other substances which react 
with benzidine (i.e., oxidizing agents 
such as ferric chloride, formalde- 
hyde, etc.), the test can be made 
quantitative by comparing the inten- 
sity of coloration to that of a set of 
standards. 


DaTA, RESULTs, AND Discussion 


The results of a number of mud 
damage experiments in the linear 
drilling model are presented in Table 
1 and Fig. 4. It is noteworthy that 
the effective permeability to oil of all 
samples after oil backflow ranged 
from 2 to 30 per cent of their orig- 
inal values. The samples, in each 
case, were backflowed with oil at the 
Same pressure gradient as used in the 
oil-drive step until no further recov- 
ery in permeability was obtained. 


Inspection of Table 1 and Fig. 4 
shows that cutting small segments 
from the exposed ends of these sam- 
ples resulted in essentially complete 
removal of the damaged section, and 
the effective permeability to oil of 
the remainder of the sample became 
the same as that of the original sam- 
ple. These data show that: (1) the 
damage was confined to within 2 or 
3 cm from the exposed end, and (2) 
that the clay concentration was high- 
est near the exposed end and unde- 
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tected in the zone where no loss in 
permeability was observed. 


Fig. 5 illustrates the variation in 
permeability and its relationship to 
clay concentration found in the 
670-md Alundum sample. The clay 
concentration in each of the thin sec- 
tions sawed from the mud damaged 
end of the Alundum rod was deter- 
mined quantitatively by the benzi- 
dine colorimetric test. The concen- 
tration is plotted as a series of short 
straight lines, indicating the section 
length used for the analysis and its 
position in the damaged sample. A 
smooth Curve I is drawn through 
these values. The low clay concen- 
tration in the first millimeter of the 


sample may be attributed to fairly 
effective particle removal at the out- 
let end of the sample during back- 
flush. However, it is apparent that 
the clay concentration was generally 
a maximum in the section showing 
the lowest effective permeability to 
oil. 

The measured permeability of the 
sample remaining after a section was 
removed for clay analysis is shown 
as Curve II. The calculated permea- 
bility of the section removed is 
shown as Curve III. A comparison 
of Curves II and III shows that the 
permeability of the damaged zone is 
less than that of the remainder of 
the sample. A similar analysis of all 
experiments may be made, 


TABLE 1—EFFECTS OF MUD DAMAGE TO POROUS SAMPLES 


Mud — 5 weight per cent bentonite 


Pressure Differential — 100 psi 
Exposure Time — 5 minutes 
F 


Experiment Number 1 2 2} 4 5 6 7 8 9 
Initial Effective 
Fepeae ity to Oil, 196 266 670 338 361 207 318 623 1164 
.05 .05 .09 .03 .04 .05 07 .13 16 
Permeability 
After Backflush, 40 81 20 92 66 10 43 80 77 
(Kos), md 
Kos /Ki 0.20 0.30 0.03 0.27 0.18 0.05 0.14 0.13 0.07 
Cut 1** 0.52/129/.000344 0.5/210/.000457 0.53/58/.00874 0.48/118/.00413 0.53/72/.00275 0.49/25/- 0.35/104/- 0.25/97/- 0.49/25/- 
Cut 2** 1.04/198/.000429 1.3/232/.000229 1 :08/123/.0167 0.93/1 71/.0055 1.00/163/.00367 1.09/69/- 0.90/124/- 0.45/109/- 1 -09/69/- 
Cut 3** 2.04/200/.000115 1.8/249/.00014 1.63/307/.0172 1.53/285/.00457 1.75/260/.00336 1.59/122/- 1.50/316/- 0.80/107/- 1.59/122/- 
Cut 4** — 2.2/255/Trace 2.33/479/.00917 1.98/325/.00092 2.50/321/- 2.09/195/- — 1.45/157/- 2.09/195/- 
Cut 5** — — 2.93/647/.00138 — — — — 2.30/201 /- — 


* 


**In these columns, the number shown on the 
number refers to the effective oil permeability (in 
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ers : meters) of the sample removed from the 
] r millidarcies) of the remainder of the sample, and 
tration (in grams per gram of porous sample) in the slice removed from the 


sample. Benzidine tests 
ples because of interference by naturally occurring clay minerals. 


Based on filtrate rate at end of 5-minute exposure period and 100 psi differential across 1.0 cm of damaged zone. 
left refers to the length (in centi 


end exposed to mud, the middle 


the number on the right refers to the clay concen- 
were not used on Pennsylvanian age sandstone sam- 
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The presence and damaging effect 


- of mud particles inside a porous 


Matrix was further emphasized by 
the data obtained from two capillary 
pressure-saturation curves (Soltrol C 
displacing water). A-sandstone sam- 
ple (2% in. in length) which was 
initially saturated with salt water © 
weight per cent) was exposed to 
bentonite mud (5 weight per cent) 
under 100-psi pressure differential. 
After exposure for five minutes, the 
sample was cut into two equal sec- 
tions. After backflush, the permeabil- 
ity to salt water of the damaged sec- 
tion was 64 per cent of that of the 
undamaged section. The capillary 
pressure curve with Soltrol C was 
determined on each section. Fig. 6 
shows the two curves obtained. The 
mud-contaminated sample showed 
an “irreducible” water saturation of 
35 per cent, as compared to 25 per 
cent for the undamaged sample. Fur- 
thermore, the water saturation at 
each capillary pressure was higher 
for the mud-damaged sample. 


The loss in permeability due to 
exposure of the porous samples to 
mud indicates that some mechanism 
of “plugging” of pores by one or 
more components of the mud had 
been involved. The benzidine tests 
show definitely that clay particles 
from the mud were present through- 
out the damaged zone. The highest 
concentration of clay was found in 
the zone of lowest permeability. In 
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addition, the capillary pressure data 


show that a mud-damaged sample — 


retained a higher water saturation 
than the undamaged sample at a 
given capillary pressure value. 


The cumulative effluent volume- 
time data obtained during the mud- 
damage experiments are plotted in 
Fig. 7 as time/volume vs volume, as 
described previously... A “straight 
line” portion of a time/volume vs 
volume plot of filtration data may be 
expected only when the pressure 
gradient over the area of the filter 
cake becomes uniform. Data ob- 
tained from the static plastering ex- 
periments should yield a “straight 
line” portion of the curve since a 
filter cake is formed on top of the 
exposed sample in accordance with a 
constant-pressure filtration process. 
It is to be noted that the scraping 
and drilling experiments also show a 
“straight line” portion of the curve 
which indicates that a filter cake is 
built up during the experiment even 
though no “surface” filter cake is 
permitted to form. This fact, to- 
gether with the data on loss of per- 
meability, suggests that the location 
of such “filter cake” is inside the 
porous medium. These data lend 
considerable support to the ideas 
presented above concerning filter 
cake formation inside the pores of a 
porous medium. 


If the mechanism described above 
(forming only an “internal” filter 
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cake in a sample which is being 
scraped) is correct, then it appears 
likely that after some period of ex- 
posure the pores would become es- 
sentially “filled” with filter cake from 
some bridge in each plugged pore to 
the exposed surface of the sample. 
If the experiment is continued be- 
yond this point, and if no additional 
filter cake can form on the surface, 
then the filtrate flow rate through 
the sample should become constant 
since the resistance to fluid flow and 
all other factors would become con- 
stant (of course, orientation of clays 


“Or compaction of the cake in the 


pores could occur as a result of fluid 
flow and time of exposure). This 
should cause deviation of the plotted 
data from the straight line in the 
8/V vs V plots in the case of the 
scraping experiments. 


Additional scraping experiments 
were performed so that the exposure 
times were considerably longer than 
that required to fill the pores with 
filter cake from some internal bridge 
to the scraped surface. In Fig. 8 are 
shown the data plotted in the same 
manner, and then replotted after 
subtracting the volume of 3.45 cc 
and corresponding time of 867 sec- 
onds, the point where the data devi- 
ate from a straight line. This sub- 
traction, in effect, transforms the 
coordinate system so the origin lies 
at the point of deviation from the 
straight line. It can be seen that the 
0/V values of the new coordinate 
system are constant, which means 
that the flow rate of filtrate into the 
sample was constant, as is required 
by the mechanism postulated. 


Thus, during the period in which 
the flow rate of mud filtrate was de- 
creasing with time the effective inter- 
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nal filter cake thickness was increas- 
ing according to normal filtration 
behavior. When the flow rate of mud 
filtrate from the porous sample be- 
came constant (i.e., the O/V vs V 
plot deviated from the straight line), 
it appears that the filter cake thick- 
ness became constant because no ad- 
ditional particles from the mud were 
being deposited inside the sample 
(i.e., the internal cake “filled” or 
“bridged-off” the pores from the in- 
ternal bridge points to the exposed 
surface), and the bit prevented the 
formation of additional cake on the 
surface of the sample. 


The permeability to mud filtrate 
of the damaged zone was calculated 
and is presented in Table 1. These 
values were obtained in order to esti- 
mate the order of magnitude of the 
permeability of the filter cake formed 
in the pore spaces of the porous 
samples. The flow rate of filtrate at 
the end of the damage experiment 
and a damage depth of 1 cm were 
used in these calculations. Although 
the depth of particle invasion was 
more than 1 cm the data shows that 
the most severe damage in each case 
was located in the centimeter near- 
est the exposed end of the sample. 


Accordingly, for calculation pur- 
poses, the 100-psi pressure differen- 
tial was assumed to be dissipated 
across this length. The estimated per- 
meability of the 1-cm zone ranged 
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from 0.03 to 0.16 md. The permea- 
bility of a filter cake from this mud 
in an API water-loss test is estimated 
to be approximately 0.0023 md (2.3 
x 10° darcy). In order to compare 
“cake” permeability in the porous 
samples to that from the water-loss 
test, the above values must be cor- 
rected for the effective area of filtra- 
tion of the cake in the pores. 


One concept is that the area of the 
filter cake in the pore spaces can be 
represented by multiplying the cross- 
sectional area of the porous sample 
by the porosity fraction (e.g., 0.28 
for Pennsylvanian sandstone 
0.26 for Alundum samples). Using 
this principle, the estimated permea- 
bility of the cake in the pores is 
found to range from 0.12 to 0.64 
md. These values are some 50 to 
300 times higher than the permea- 
bility of the bulk filter cake. These 
“high” permeability values are likely 
due to high porosity (poor packing 
and unfilled pore space, as depicted 
in Fig. 1) in the internal filter cake 
zone. 


It may be noted that the highest 
values of permeability of the cake 
in the pores was obtained in the jet- 
drilliag cases. These results agree 
with the Ferguson and Klotz’ data of 
high “beneath the bit” filtration rates 
during drilling. 
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CONCLUSIONS 


1. The addition of properly sized 
particles to a base mud composed of 
particles having an effective settling 
diameter of less than 1 micron en- 
hanced the bridging tendency and 
decreased the surge loss of the mud 
into a given porous medium. 


2. The permeability measured 
after backflush of the samples ex- 
posed to a mud containing sized 
particles, was higher than that of a 
sample which was plugged by the 
base mud. This may be the result of 
considerable surface bridging by the 
sized particles, leading to a reduc- 
tion in the amount of internal filter 
cake formation. 


3. Static plastering, scraping, and 
drilling experiments showed that 
mud invasion damage was usually 
most severe in the first 2 to 3 cm of 
the porous sample, and that the ef- 
fective permeability to oil of the 
total sample (approximately 2 in.) 
was reduced to 2 to 30 per cent of 
the original value, even after exten- 
sive backflushing. 


4. Colorimetric tests showed that 
clay minerals from the mud invaded 
and to some degree were retained in 
Alundum porous samples upon expo- 
sure to a bentonite slurry. 


5. Capillary pressure curves on 
oil-water saturated sandstone indi- 
cate that increased water saturation 
is brought about by the invasion of 
the porous system by clays. This in- 
creased water saturation may ac- 
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count for part of the loss of permea- 
bility to oil. 


6. Employing conditions of sur- 
face scraping action in which no 
appreciable surface filter cake was 
permitted to form, the filtrate flow 
through the sample during a consid- 
erable portion of the experiment 
obeyed filtration laws depicting for- 
mation and growth of an internal 
filter cake. 


7. After sufficient time of expo- 
sure to the scraping conditions, the 
mud filtrate flow rate may become 
constant. This suggests that the build- 
up of internal filter cake from some 
internal bridge point to the exposed 
surface is then complete. 


8. The effective permeability of 
the filter cake in the pores was esti- 
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mated to be 50 to 300 times higher 
than that of bulk filter cake. 
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ABSTRACT 


The geological and economic conditions peculiar to 
the Greater Oficina area are presented to demonstrate 
the necessity of a low-cost, well-site method of distin- 
guishing gas-bearing formations. The method of gas 
detection with the neutron log is briefly discussed and 
its limitations are explained. A new method is described 
which consists in running a second neutron log with a 
larger source-to-detector spacing. 

Field data indicate that under favorable conditions 
the larger spacing response is proportionately more 
influenced by the virgin gas zone than is the shorter 
spacing response. One important condition is that the 
gas sands be invaded, with a diameter of invasion equal 
to about two to three times the hole diameter. 

The calibration of the longer spacing log is made so 
that the two logs read the same deflection in shale and 
in a known water or oil sand. Under such conditions, 
gas is indicated by a positive separation, i.e., the curve 
for the longer device is displaced to the right of the 
curve for the shorter device. 

Because of the non-linearity of the long spacing 
response, low porosity formations also show positive 
separations. In sands with large porosity variations, the 
gas sands can no longer be located visually. T hey can 
be detected on a plot of shorter spacing vs longer spac- 
ing deflections. 


INTRODUCTION 


In the Greater Oficina area of Eastern Venezuela, the 
rapid and accurate detection of gas from well logs is of 
primary importance because of a combination of eco- 
nomic, geologic, and operational conditions. Briefly, 
these conditions are: economic—there is no market for 
gas at the present time; geologic—a single well may 
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contain as many as 30 or more oil or gas sands for 
which intervals to be tested must be selected; opera- 
tional—first, once opened to the casing through perfo- 
rations, gas sands are extremely difficult and expensive 
to squeeze off, and second, gas detection must be rapid 
because the geologist must decide immediately, at the 
well, which sand to perforate. 


During the early period of exploitation in Greater Ofi- 
cina, when clay base muds were used, sidewall samples, 
together with electric logs, gave fairly good distinction 
between oil and gas sands. When exploitation became 
concentrated on deep fields of poorer sidewall sample 
recovery, and after the advent of oil emulsion muds, 
now the standard drilling fluid in Greater Oficina, the 
regular neutron log became the most reliable indicator 
of gas. In 1953, R. Norelius devised the dual-spacing 
neutron technique for gas detection. The dual-spacing 
neutron log has proved to be highly successful in de- 
tecting gas and has been adopted as a regular survey by 
all of the oil companies of the area. 


Several hundred dual-spacing neutron logs have been 
run in Eastern Venezuela and several tests per well are 
available for positive evaluation of the logs. The find- 
ings outlined below are based upon this extensive field 
experience. 


GEOLOGICAL CONDITIONS OF THE 
GREATER OFICINA AREA 


The Greater Oficina area lies on the south flank of 
the Eastern Venezuela Basin (Fig. 1). Nearly all accu- 
mulations of oil and gas in the area are trapped, in 
whole or in part, against normal faults. All known oil 
and gas reservoirs in Greater Oficina occur in the Ofi- 
cina formation (Miocene-Oligocene) or in the “U” 
sands. The U sands are the lithologic equivalent of the 
Merecure group (Oligocene-Eocene), which contains 
oil in many fields north of Greater Oficina. Most of the 
petroleum produced in Eastern Venezuela is from the 
Oficina formation. 
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The Oficina formation is made up of relatively thin 
sands interbedded with thicker shales. Thin lignites are 
_ very common but limestones, although very thin beds 
are penetrated by some wells, are rare. The U sand 
section consists of massive sandstones interbedded with 
thin shales and very thin lignites. 

Porous sandstones form all petroliferous reservoirs 
in Greater Oficina. Most of these sandstones are “clean” 
or only slightly “dirty.” Porosities of sands suitable for 
exploitation range from about 12 to over 30 per cent. 
In general, porosities of sands in shallow fields at the 
south edge of the area are higher than those of deeper 
fields to the north. Also, in a given well, porosities are 
slightly higher in shallow sands than in deep sands. 
Vertically, the most pronounced porosity difference oc- 
curs between the Oficina formation and the U sands in 
the northern fields. As an example, in the Mapiri field 
the Oficina sands might have a porosity of about 18 per 
cent as compared to about 13 per cent for the U sands. 

The geologic and reservoir conditions of the Greater 
Oficina area are very favorable to the detection of gas 
by neutron logs, especially by dual-spacing neutron logs. 


BASIC THEORY OF NEUTRON LOGGING 


The mechanics of neutron logging have been de- 
scribed in several publications.“* The logs recorded in 
the Greater Oficina area are of the neutron-gamma type 
and are usually run in cased hole simultaneously with a 
gamma ray and a casing collar log. 

It is generally admitted that the neutron log provides 
a measurement of the hydrogen index of the formations 
and that the response follows an exponential law. In 
other words, if the hydrogen index is plotted on a loga- 
rithmic scale and the neutron log deflection in standard 
counts per second on a linear scale, a straight line is 
obtained; the neutron deflection increases when the 
hydrogen index decreases. Such calibration lines have 
been constructed from laboratory experiments’ and are 
available for various sizes of hole, casing, etc. The plot 
reproduced in Fig. 2 corresponds to typical Oficina con- 
ditions: hole size, 842 in.; casing, 5% in., 17 1b; fresh 


1References given at end of paper. 
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mud weighing around 80 1Ib/cu ft; standard Schlum- 
berger neutron spacing; and eccentric sonde. 

The term hydrogen index (Hi) requires a little more 
elaboration. This index corresponds to the amount of 
hydrogen by weight in a given volume of formation and 
is a function of: (1) the porosity, (2) the type of fluid 
filling the pores, (3) the temperature and pressure, and 
(4) the hydrogen contained in the matrix, mostly 
found as water bound in shales. 

In a clean water sand, the hydrogen index is equal to 
the porosity. It is equal to 100 per cent in pure water. 
On the basis of chemical analysis, reservoir fluids can 
be classified by order of increasing hydrogen concentra- 
tion as follows: dry gas; wet gas; retrograde gas; oil, 
high GOR; oil, low GOR; water; and dead heavy oil. 

The detection of gas with a neutron log is based on 
this classification. Water and low GOR oil of approxi- 
mately 20 to 40° gravity API contain about the same 
amount of hydrogen, but gas contains much less. If the 
depth of filtrate invasion is small and all other condi- 
tions are the same, gas sands show much higher neutron 
deflections, corresponding to a lower hydrogen index, 
than do fluid bearing sands. 


Of course, the actual values of the Hi in a gas sand 
are influenced by the chemical composition of the hy- 
drocarbons, by the temperature, and mostly by the 
pressure. For instance, Fig. 3 shows the variation with 

hydrogen content of water 
hydrogen content of methane gas 


The temperature and pressure gradients used in Fig. 3 
are typical of the Oficina area. Consequently, the deeper 
the formations, the less conspicuous is the contrast in 
Hi between gas sands and water or oil sands. The Hi 
contrast between gas and fluid bearing sands is also low 
if the gas contains a large percentage of high molecular 
weight constituents (retrograde gas). 

Another phenomenon that will obscure the contrast 
between gas sands and water sands is the invasion of 
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the sand by mud filtrate. According to Dewan and 
Allaud® the depth of investigation of the neutron log in 
a formation of average (20 per cent) porosity is only 
10 in. from the wall of the hole. In an oil sand, the 
small depth of investigation has no appreciable effect 
on the neutron log because oil is replaced by mud fil- 
trate of essentially the same hydrogen index. In gas 
sands, the flushing of the invaded zone by mud filtrate 
is very effective and the residual hydrocarbon satura- 
tion therein is quite low. This means that the invaded 
zone has the Hi of a water sand in contrast to the low 
Hi of the virgin gas zone and consequently the response 
of the neutron log is reduced. However, it seems that 
filtrate invasion in gas sands is generally shallow, espe- 
cially where the sands are highly permeable.’ 


NEUTRON LOG INTERPRETATION 


From what precedes, it is obvious that gas detection 
with a neutron log alone will be reliable only under 
favorable conditions. Gas sands may show as a higher 
neutron deflection on the log, but this higher deflection 
could also be due to a lower porosity. On the other 
hand, if the gas sand is shaly, the shale may increase its 
hydrogen index enough to bring the neutron deflection 
back to, or even below, the water sand response. An 
increase of hole size in the gas sand would also decrease 
the neutron deflection, but nearly all sands stay to gauge 
in Greater Oficina. In short, the single neutron method 
detects gas spectacularly under the conditions of dry 
gas, shallow wells, shallow invasion, and clean sands 
of constant high porosity. 

Such conditions are found in the Oveja field, for 
instance. Fig. 4 shows a typical oil-gas contact. The 
hydrogen index in the oil sand is about 20 per cent. In 
the gas sand it is only 7 per cent. 

In other fields, it is generally difficult to ascertain 
whether a change of neutron deflection is due to a 
change in porosity, or in shaliness, or in fluid type. 
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To solve the problem, a combination neutron-Microlog 
was first tried. Briefly, the Microlog is sensitive to 
porosity and shaliness variations, but is not very sensi- 
tive to fluid changes (especially from oil to gas). The 
neutron-Microlog method consists in plotting the 2-in. 
Micronormal deflection vs the neutron deflection, or 
simply in laying the Microlog on top of the neutron log. 
Any increase of neutron deflection that is not matched 
by an increase of the 2-in. Micronormal is interpreted 
as gas. Fig. 5 shows an application of the method. In 
the lower part, the variations of the neutron deflections 
are due to changes in shaliness and porosity and are fol- 
lowed by the Microlog. At 7,650 ft there is an increase 
of the neutron deflection and a slight decrease of the 
Microlog. This is an oil-gas contact. 


The reliability of this method was, unfortunately, 
greatly decreased by the introduction of petronate oil 
emulsion mud. This mud is detrimental to the Microlog, 
probably because large variations of mud cake resistivity 
produce erratic Microlog readings. 


The neutron productivity number method’ was not 
very successful either. It corrects the neutron log for 
shaliness but not for porosity variations. 


DUAL-SPACING NEUTRON 


Another technique, first introduced in 1953, has 
proved successful enough to be used commercially. It 
consists in running a second neutron log with a different 
spacing. The spacing is the distance between the neu- 
tron source and the center of the active part of the 
counter. In the Schlumberger standard instrument it is 
of the order of 20 in. 


The operational technique is simple although some- 
what time consuming. After the regular simultaneous 
gamma ray-neutron log is run, the tool is pulled out of 
the hole and a spacer is inserted between the source and 
the counter. Then, a second neutron log is run over the 
interval to be studied. Satisfactory results have been ob- 
tained with a 6-in. spacer. 


The comparison of the two logs redrawn on the 
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same strip should give an indication of the fluid con- 
tent, for the following reasons. In oil and water sands 
the invaded zone and the virgin formation have the 
same hydrogen index so the two neutron logs should 
both read this hydrogen index. In gas sands, the virgin 
zone has a lower index than does the invaded zone. 
Both neutron logs should read somewhere between the 
two indexes. However, field data indicate that the longer 
spacing has, in effect, a deeper investigation since it is 
proportionately more influenced by the low index gas 
zone than is the short spacing. 

An analogy with the Microlog will make this theory 
easier to understand (Fig. 6). In impervious formations 
there is only one resistivity zone and the two micro- 
curves read the same value. In permeable formations 
the long Microlog spacing is more influenced by the 
high resistivity flushed zone and the short spacing more 
influenced by the low resistivity mud cake. Thus the 
long spacing (dotted line) reads higher than the short 
spacing (solid line). This is called a positive separation. 

Of course, neutrons do not behave like electrical cur- 
rent. There are nevertheless some laboratory experi- 
ments available which show that the long neutron 
spacing has a deeper investigation than the short spacing. 

Finally, a dual-spacing neutron log is presented much 
in the fashion of a Microlog. In shale and in water or 
oil sands the two curves coincide. In gas sands the 
long spacing (dotted line) reads higher (lower Hi) 
than the short spacing (solid line). This may again be 
called a positive separation (Fig. 6). 


In_ short, a positive separation is an indication of 
gas provided the invasion depth is within the optimum 
range and provided the correct calibration is used on 
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the two logs. Fig. 7. shows a typical log of the Sapo 
area and the results of the formation tests, 


The two restrictions underlined above are worth look- 
ing into more thoroughly. The invasion condition is tied 
to the depth of investigation of the two devices. If the 
invasion by mud filtrates in a gas sand is very deep, 
both curves give a fluid response (low deflection) and 
no separation. This is generally the case in the deep, 
low porosity U sands. If a gas sand has no invasion, 
both curves give a gas response (high deflection) and 
show very little separation. These characteristics are 
typical of sands in production. 

The optimum conditions seem to be realized when 
the depth of invasion is about equal to the depth of in- 
vestigation of the short spacing. In sands of average 
porosity (20 per cent), this corresponds to a diameter 
of invasion equal to three to four times the hole 
diameter. Gas sands in the Greater Oficina area com- 
monly have a depth of invasion of this order of mag- 
nitude. In sands of higher porosity, the depth of inves- 
tigation of the neutron decreases’, but so does generally 
the invasion, so that the optimum conditions are found 
over a wide range of porosities. 


CALIBRATION 


The calibration condition is extremely important. In 
fact, faulty calibration is responsible for the apparent 
failure of a large number of dual-spacing neutron logs. 

The first difficulty in calibration is that we are trying 
to compare the apparent Hi given by two neutron logs 
which are calibrated in counts per second, not in 
Hi. Since the same source is used, the long spacing 
will show many less counts per second because of its 
greater distance from the source. Under the hole and 
casing conditions found in the Greater Oficina, a forma- 
tion which has a 21 per cent Hi gives about 203 counts/ 
sec on the short spacing and 48 counts/sec on the long 
spacing (6-in. spacer). The great reduction in counts per 
second which results from use of the 6-in. spacer demon- 
strates the impracticality of using an even longer spacer. 

The first effect of this reduction of counts per sec- 
ond is that a much longer time constant is needed if 
the statistical variations are to be kept below 5 per cent. 
Generally the short spacing is run with a 2.8 seconds 
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time constant, whereas the long spacing needs eight 
seconds at least. The recording speed must then be 
very low in order to keep the depth lag at its proper 
value. For the long spacing, logging speed is of the 
order of 600 ft/hr. Thus a good long spacing neutron 
can be obtained only with a very flexible equipment, 
both mechanically and electronically. 

The second difficulty in calibration is tied to the re- 
sponse of the long spacing to Hi changes. Fig. 8, drawn 
to illustrate this point, is a plot on semi-log paper of 
Hi vs neutron deflection opposite a large number of 
fluid bearing sands in a well. The solid line shows Hi 
vs neutron deflection for the short spacing; it is a 
straight line. The heavy dashed line shows Hi vs neu- 
tron deflection for the long spacing at the same sensi- 
tivity as that of the short spacing; the counting rate 
is much lower and the plotted line is curved. 

Now in order to compare the two logs we must in- 
crease the long spacing sensitivity until its deflections 
coincide with the short spacing deflections in fluid filled 
sands. The curvature of the long spacing response means 
that this coincidence can be achieved only at two points 
of the Hi scale. The various Hi levels that could be 
selected are: zero counts per second, the shale deflec- 
tion, the deflection in a water sand of average porosity, 
and the deflection in a tight sand. Field experience in- 
dicates that the best results are obtained when the two 
curves are made to coincide in shale and in a water 
sand. 

Going back to Fig. 8 the dotted line shows Hi vs 
neutron deflection for the long spacing after this has 
been achieved; the sensitivity has been increased to a 
value such that the deflections of the neutron curves 
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opposite shales and fluid bearing sands are the same for 
both long and short spacing. 

Finally the solid line and the dotted line illustrate 
the actual response of the curves as recorded on the 
log of the well. If for the moment we assume that on!y 
fluid bearing sands are considered in Fig. 8, then the 
Hi scale is also a porosity scale and the curves reveal 
the effect of porosity differences on the response of the 
two neutron curves. It will be noted that the calibration 
is such that in the porosity range of producible oil 
sands, there is very little difference in the response of 
the two neutron curves opposite fluid bearing sands. 
Also, owing to the curvature of the long spacing re- 
sponse, the following features are observed: (1) the 
zeros of the two neutron logs do not coincide; (2) 
water and oil sands with porosities higher than the 
calibration sand show a small negative separation, and 
(3) tight sands show a positive separation. 


The positive separation in gas sands is partly due to 
the difference in apparent Hi and partly (in sands of 
less porosity than the water sand used for calibration) 
to the curvature of the long spacing response. 


The log in Fig. 9 (not from the Greater Oficina area) 
illustrates these features. The bottom section is a dense 
limestone. 


In practice the calibration is made as follows. The 
controls of the instrument panel are first set so that the 
long spacing sensitivity is 2.8 or four times that of 
the short spacing. A known water or oil sand is selected. 
Then, the long spacing sensitivity and zero are further 
adjusted until the deflection from shale to water is the 
same on both logs. This trial and error method requires 
some experience on the part of the operator. Also, in 
order to make a good calibration, one or more known 
water sands should be present in the section. 

The selection of the calibration sand is very impor- 
tant. The sand should be fluid bearing, clean, and of a 
porosity slightly lower than the average sand porosity 
of the interval under study. There are two reasons for 
that. First, a lower porosity means a larger deflection 
from shale to water sand, which makes the final adjust- 
ment easier. Secondly, a look at Fig. 8 shows that 
matching the curves in shale and a 20 per cent porosity 
sand causes the two neutron responses to be very close 
for Hi ranging from 50 to 15 per cent. If a sand of 30 
per cent porosity had been used, the fit would have been 
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800d only over a 50 to 25 per cent range. On the other 
hand, if the calibration is made in a very low porosity 
sand, the average porosity sands would show a negative 
separation that might mask the presence of gas. 

Generally, after a large number of logs are run 
under the same hole conditions and matched at the 
same levels, it is found that the ratio of the two sen- 
Sitivities is quite constant. For 514 -in. casing in 8%4-in. 
hole this ratio seems to be around 3.7. This knowledge 
simplifies the calibration Procedure as the shales only 
have to be matched and the long spacing sensitivity se- 
lected according to the ratio. The 20 per cent porosity 
water sands are then automatically matched. 

The reason for retaining this somewhat delicate cali- 
bration method is that it leads to a simple, visual in- 
terpretation. The geologists can lay the two neutron logs 
one on top of the other and decide, at the Well, what 
is gas and should not be gun-perforated. If the presence 
of a suitable water sand has allowed a reliable calibra- 
tion, the dual-spacing neutron method of gas detection 
should be successful for all formations having hydrogen 
indexes between 15 and 50 per cent and having a depth 
of invasion within the optimum range. This includes 
the shaly sands. 

Under favorable conditions (shallow wells, etc.) the 
separation of the two neutron curves Opposite gas sands 
is quite spectacular. The log in Fig. 10 is from the same 
field as the log in Fig. 4. The gas-oil contact at 3,887 
ft is very conspicious on both the single and the dual- 
spacing neutron log. 

In deep wells, the Hi contrast due to gas is much 
less-marked and can easily be masked by small porosity 
changes. In these wells, the dual spacing becomes in- 
valuable. In Fig. 11 (Nigua field) the short spacing 
has a lower deflection in the gas sand than in the oil 
sand. The dual-spacing log shows the correct_ separa- 
tion in the gas sand. 

Fig. 12 shows an interesting example of shaly, heavy 
oil sands at the bottom, oil sands of various porosities 
in the middle section, and gas sands at the top. The 
thinness of the lenses and the porosity variations are 
no obstacle to the gas detection here. 


GRAPHICAL INTERPRETATION 


In some wells porosity ranges are quite large or the 
calibration of the long spacing is erroneous. No visual 
interpretation is possible, but the gas sands can be 


(= CASING SIZE 


WEGHT. 
SPEED 1 500. SHORT SPACING 1500. 


TIME SPACING 4.2 


i | 
Fic. 10—Neutron Curve Separation Opposite Gas Sanps, 
OvesA Fiexp. 


VOL. 210, 1957 


HOLE SIZE | 
CASING 
— 
SHORT SPACING 240 = 
> av 
t= 
— 


Fic. 12—Loc or Formation 
WITH SHALY, Heavy Om at 
Bottom anp Gas Sanps 
AT Top. 


Fic. 11—Duat Spacine Loc 
FRoM Nicua Fiexp. 


picked graphically if enough known oil and water sands 
are present. 

The method consists in plotting on linear scales the 
long spacing counts per second vs the short spacing 
counts per second for several fluid-filled sands. For the 
reasons mentioned above, the plot is not a straight line. 
In sands of low porosity the long spacing deflection in- 
creases faster than the short spacing. 


The curve obtained includes the plot corresponding 
to shale. All fluid-filled sands regardless of porosity 
and shaliness should fall on the curve. If the curve can 
be carried or extrapolated far enough into the low 
porosity formations, it will be possible to differentiate 
the low porosity sands from the gas sands, which will 
fall below the curve. A typical example is shown in 
43. 
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In the Santa Ana and Santa Rosa fields, numerous 
sands produce condensate or light oil at very high 
gas-oil ratios. The problem of neutron log interpreta- 
tion is complicated by porosity and shaliness variations. 

As far as hydrogen index is concerned, there is no 
clear-cut separation between oil of high GOR and 
retrograde gas. On the neutron logs, everything else 
being equal, condensate should show as a small, positive 
separation but not as large as that for dry gas. Figs. 
14 and 15 illustrate this point. Fig. 14 shows two low 
GOR and one high GOR oil sands of approximately 
the same porosity. 

Fig. 15 shows the extreme complexity resulting from 
a combination of porosity variations and various types 
of fluids. The dual-spacing neutron is very helpful in 
selecting the two sands which contain reasonably low 
GOR oil. 

In such wells the graphical presentation shows the 
various plots falling on lines of equal GOR, moving 
away from the water sand line as the GOR increases. 

It must be noted that some tar sands show a positive 
separation which is not due to low porosity. This phe- 
nomenon is illustrated in Fig. 16, but a good explana- 
tion has not yet been found. 


IMPROVEMENTS 


It would be interesting to study more thoroughly in 
laboratory the investigation characteristics of the long 
spacing neutron and the effect of horizontal Hi varia- 
tions. Also important could be a study of the variations 
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in depth of investigation with neutron sources of dif- 
ferent energy. Two neutron logs run with the same 
spacing but different sources might very well give the 
same result as a dual-spacing log. 

Another fact which has not yet been taken into con- 
sideration is the eccentricity of the detector in the hoie. 
Moving the sonde % in. away from the wall cuts the 
counting rate down by about 10 per cent, especially in 
the low Hi range. It is assumed that the sonde always 
rides along the wall but, in open-hole, the condition 
may change from one run to another, especially the 
mud cake thickness. This may be the reason why dual- 
spacing neutron logs seem to be more reliable in cased 
holes. Centralizers are standard equipment on oil strings 
in Eastern Venezuela. 

Running the two spacings simultaneously would 
eliminate this source of error. Theoretically this ap- 
pears quite feasible if two detectors are run such that 
the detector for the short spacing serves as the spacer 
for the long spacing. Considerable engineering difficul- 
ties have been met so far in the practical realization of 
this system. 


Another possibility of improvement would be to 
cause, by electronic means, the long spacing response 
to follow an exponential law with respect to the hy- 
drogen index. Thus the counts per second vs Hi plots 
of both spacings would be straight lines on semi-log 
paper, and the comparison of the two curves would be 
much easier, as it would be necessary to match the zeros 
and the shales only. 


CONCLUSION 


The geological and economic conditions peculiar to 
the Greater Oficina area have led to the development of 
a tool capable of detecting gas-bearing formations. 

The practice of running a second neutron log with a 
longer spacing has proved to be quite successful in 
that respect. The difficulty lies in the proper calibration 
of the long spacing and for that purpose very flex- 
ible equipment is needed, both electronically and me- 
chanically. 
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With a correct calibration, an optimum invasion, and 
not too large variations of porosity and shaliness of 
sands, the interpretation can be made visually; gas sands 
show a departure between the two curves. Condensate 
and light oil of high GOR can also be detected. 


Under unfavorable conditions a plot of long spacing 
vs short spacing is sometimes necessary. 
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A Method of Protecting Cements Against the Harmful Effects 
Of Mud Contamination 


H. J. BEACH 
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The laboratory development and field use of oil weil 
cement compositions* with high resistance to drilling 
mud contamination are described. Resistance is ob- 
tained by adding a 1-lb mixture composed of three parts 
paraformaldehyde to two parts sodium chromate tetra- 
hydrate for each sack of cement. This mixture neu- 
tralizes the cement-retarding properties of quebracho 
and other tannins, starch, sodium carboxymethylcellu- 
lose, lignite, and monovalent salts of lignosulfonic acid. 
The retarding properties of calcium lignosulfonate are 
unaffected. 

The decontaminating mixture may be used in com- 
mon cement (designated Type I by ASTM specifica- 
tions,’ Class A by API Std. 10A’) or in a slow set slurry 
prepared from common cement by addition of calcium 
lignosulfonate. No changes in slurry viscosities or thick- 
ening times are caused by the protecting reagents. 


The method has been used in 185 field jobs where an 
improved success ratio has been obtained in plug setting. 


INTRODUCFION 


Field experience and laboratory investigations have 
established contamination by drilling mud as a major 
factor in oil well cement failures. 


During 1955, 12 attempts were required to set 
six open-hole cement plugs in the Timbalier Bay 
field, La. Eighteen to 30 hours elapsed between 
placing and testing the plugs in preparation for side- 
tracking operations. Considerations of rig time expense 
required immediate resetting where soft cement was 
drilled after a reasonable waiting period. Sea water 


*Patent applied for. 

Original manuscript received in Society of Petroleum Engineers 
office on July 12, 1956. Revised manuscript received Dec. 14, 1956. 
Paper presented at Petroleum Branch Fall Meeting in Los Angeles, 
Oct. 14-17, 1956. 

1References given at end of paper. 
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drilling mud was used in each well and daily additions 
of thinners, usually lignites, had been required. Sodium 
carboxymethylcellulose had been added regularly to 
control fluid loss. The 50 per cent plug failures were at- 
tributed primarily to contamination by the mud. Simi- 
lar experiences can be found in other fields along the 
Texas and Louisiana coasts where drilling muds nor- 
mally contain large quantities of organic treating ma- 
terials. 

Cement contamination was the subject of a survey 
by the Mid-Continent District Study Committee on 
Cementing Practices and Testing of Oil-Well Cements 
of the API.’ Data collected from member laboratories 
and released in Sept., 1951, reported the effects of a 
number of drilling mud treating chemicals on cement. 
The study revealed that many of the additives, notably 
the organic materials in relatively small quantities, had 
marked effects on the properties of cements tested. Se- 
vere losses in strength and erratic thickening time re- 
sulted from small additions of mud treating chemicals 
such as quebracho, starch, sodium carboxymethylcel- 
lulose, and lignite. The report included no recommen- 
dations of methods for overcoming the problem. 

One investigation of the contamination problem re- 
ported the successful use of activated charcoal in set- 
ting cement plugs after conventional slurries had 
failed.*® The investigation indicated that an optimum 
concentration of 5 per cent activated charcoal was ef- 
fective in combating contamination from 16.7 volume 
per cent of treated mud. Laboratory and field muds were 
included in tests and contained varied quantities of one 
or more of the following: quebracho, caustic, starch, 
lime, and calcium lignosulfonate. The function of the 
charcoal appears to be physical, removing the organic 
materials by adsorption. The method may be employed 
in API Class A or Class D (unretarded slow set) 
cements. 


The chemical approach presented here is based on 
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two reagents which, if present in cement, react with or 
Cause reactions among some organic contaminants and 
cause them to lose set-retarding properties. 


DEFINITION OF TERMS 


When mixed with treated drilling muds, cement may 
be affected adversely by two factors, dilution and con- 
tamination. Dilution is the increase in the water-ce- 
ment ratio derived from the liquid phase of the mud. 
Progressive decreases in strength accompany increases 
in slurry dilution. Contamination is the mixing of or- 
ganic treating materials carried by the mud with ce- 
ment. It can result in erratic thickening time and in a 
greater strength reduction than that due to moderate 
dilution. Decontamination is the removal of the set- 
retarding properties of contaminants. The word “decon- 
taminant” in this report designates a mixture consisting 
by weight of three parts paraformaldehyde to two parts 
sodium chromate tetrahydrate. All composition per- 
centages shown are based on weight of dry cement. 


LABORATORY DEVELOPMENT 


The reactions of formaldehyde include condensation 
and/or polymerization with the majority of organic 
materials used to treat muds. At temperatures near and 
above 180°F these reactions can be effected in a ce- 
ment slurry and result in removal of the retarding 
properties of many additives. In initial tests made in a 
Halliburton type consistometer, 2 per cent of one or 
more of the following were added to Class A cement 
slurries: quebracho, calcium lignosulfonate, starch, and 
sodium carboxymethylcellulose. The pre-addition of 
0.6 per cent monomeric formaldehyde, in water solu- 
tion, canceled thickening-time increases normally result- 
ing from these materials. Substitution of polymeric for- 
maldehyde for the monomeric form produced identical 
results. The polymeric formaldehyde used was a mix- 
ture of polyoxymethylene glycols called paraformalde- 
hyde. 

Paraformaldehyde depolymerizes and hydrolyzes very 
slowly in distilled water and several weeks are required 
to form an equilibrium solution of monomer. However, 
in a solution of a weak base such as calcium hydroxide, 
depolymerization and hydrolysis are complete in a few 
minutes. Thus, when added to a cement slurry, para- 
formaldehyde is rapidly changed into formaldehyde. 

When sodium chromate tetrahydrate was used with 
paraformaldehyde, the reactions described were ex- 
tended over the temperature range of 80 to 200°F. 
While the retarding properties of other materials were 
destroyed by the second reagent, those of calcium lig- 
nosulfonate were not. This provided a situation in which 
the decontaminant could be effective in a cement slurry 
and yet the slurry be retarded by calcium lignosulfonate. 

Laboratory muds were used in dilution and contam- 


ination tests to establish the most effective ratio of 


paraformaldehyde to chromate and the working quan- 
tity of decontaminant required. Mud No. 1 was a 6 per 
cent bentonite-water suspension and was added to 46 
per cent cement slurries in increasing amounts to estab- 
lish base curves of strength vs dilution. Mud No. 2 
had the same basic composition except for additions of 
4 Ib of quebracho and % lb of caustic per barrel. This 
mud was added in a similar manner to illustrate the 
effects on slurries when protected and unprotected by 
the decontaminant. Where the decontaminant was used 
it was mixed with the dry cement before adding water. 
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After each slurry had been mixed two minutes the mud 
was added and stirring continued another two minutes. 
Two-in. cubes were prepared and aged 24 hours at 
atmospheric pressure, 


Quebracho was chosen as the standard because it is 
representative of the largest class of contaminants, the 
tannins. At 4 Ib/bbl concentration a mud with a rel- 
atively high degree of treatment was obtained. 

The final results of trial and error adjustments of ra- 
tios and quantities of decontaminant at 120°F are 
shown in Fig. 1. The addition of quebracho treated mud 
(Mud No. 2) prevented the set of unprotected cement 
when the dilution exceeded 16 per cent by volume. With 
less contamination the strength development was not as 
great as obtained with the untreated bentonite suspen- 
sion (Mud No. 1). In general, slurries protected by de- 
contaminant composed of three parts of paraformalde- 
hyde to two parts sodium chromate tetrahydrate showed 
no effects from quebracho. At a concentration of 
1 lb/sack of cement, strengths were attained commen- 
surate with dilution from water in the added mud. Tests 
at 80, 160, and 200°F yielded similar results for the 
Same amount and composition of decontaminant. 

In another series of strength tests the method was 
validated against other drilling mud additives. In most 
of these tests 1 per cent additions were made directly 
to protected and unprotected 46 per cent slurries. It is 
unlikely that this amount of a single contaminant would 
ever be encountered under field conditions. For exam- 
ple, 40 per cent dilution of a cement by mud containing 
4 lb/bbl of a material would add only 0.4 per cent of 
that material to the cement. However, the contaminant 
would be reinforced by the 40 per cent dilution, a‘con- 
dition not reflected by these tests. The comparisons in 
Table 1 indicate the effectiveness of the method against 
other materials and the immunity of calcium lignosul- 
fonate to decontamination. 

Mud No. 3 was a field mud of the “lime treated” 
type and contained the unusually high degree of treat- 
ment shown in Table 2. It was necessary to increase 
the amount of decontaminant to achieve maximum one- 
day protection. A drilling mud with this quantity of 
organic treating materials is rare. Depending on field 
trials, the 1 1b/sack addition of the decontaminant was 
retained tentatively as adequate protection for the ma- 
jority of needs. 

There are materials called accelerators, and if added 
to cement they will shorten normal thickening times 


LEGEND 
MUD 
° MUD NO.2 
MUD NO. 2 AND 
LB. DECONTAMINANT PER SACK CEMENT 


5000 


24 HOUR COMPRESSIVE STRENGTH-PS| 


3000 SS 
1000 
= 
) 5 10 15 20 8925 30 35 40 


VOLUME PER CENT MUD 
Fic. 1—Errects or Mup Ditution, ConTAMINATION AND 
DECONTAMINATION ON Common CEMENT aT 120°F. 
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and speed the rate of strength development. To deter- 
mine if the decontaminant functions in this manner or 
by reaction with the contaminants, a series of pumping- 
time tests were made under conditions of casing-setting 
and squeeze simulation. The tests employed a Stanolind 
High Pressure Consistometer and followed API RP-10B 
in detail.” Class A and calcium lignosulfonate retarded 
Class A cements were used. The results are compiled 
in Tables 3 and 4. These data indicate that the effects 
of the protecting reagents are not due to acceleration of 
cement set. Within limits of experimental error the 
data show that no changes in thickening times of Class 
A or calcium lignosulfonate retarded Class A cements 
result from decontaminant additions alone. 

Additions of Mud No. 2 were made to cement slur- 
ries to determine if the decontaminants were effective 
against other retarders in the presence of calcium lig- 
nosulfonate. The resulting compressive strength data 
are summarized in Table 5. 


FIELD APPLICATION 


Based on thickening-time tests the recommendations 
listed in Table 6 were followed in field use of the 
method. Because of possible neutralization of retarders 
and other differences in chemical and physical proper- 


TABLE 1—EFFECT OF DECONTAMINANT ON STRENGTH OF 
CONTAMINATED CEMENTS. 


(Water-Cement Ratio = 0.46) 


Contaminant, Decontaminant Aging Compressive 


Per Cent Lb/Sack Time Strength, 
of Dry Cement Cement Days psi 
AGING TEMPERATURE 180°F 
1.0 Quebracho 0 1 0 
1.0 Quebracho 2.0 1 3520 
1.0 Mangrove Bark 0 1 0 
1.0 Mangrove Bark 1.0 1 3750 
1.0 Hemlock Extract 0 1 
1.0 Hemlock Extract 4.0 1 2290 
1.0 Redwood Extract 0 1 0 
1.0 Redwood Extract 2.0 1 2330 
1.0 Tara 0 1 0 
1.0 Tara 2.0 1 2820 
0.6 NaCMC 0 1 135 
0.6 NaCMC 1.0 1 2080 
1.0 Calcium Lignosulfonate 0 . 0 
1.0 Calcium Lignosulfonate 1.0 1 0 
1.0 Calcium Lignosulfonate 2.0 1 0 
1.0 Calcium Lignosulfonate 0 2 3125 
1.0 Calcium Lignosulfonate 1.0 Z 2720 
1.0 Calcium Lignosulfonate 2.0 2 2656 
AGING TEMPERATURE 120°F 

1.0 Quebracho 0 1 0 
1.0 Quebracho 2.0 1 2760 
1.0 Mangrove Bark 0 1 2190 
1.0 Mangrove Bark 1.0 1 3530 
1.0 Hemlock Extract 0 1,4 0 
1.0 Hemlock Extract 1.0 1 0 
1.0 Hemlock Extract 1.0 2 320 
1.0 Hemlock Extract 2.0 1 2020 
1.0 Redwood Extract 0 1 0 
1.0 Redwood Extract 1.0 1 75 
1.0 Redwood Extract 2.0 1 2190 
1.0 Tara 0 1 10) 
1.0 Tara 3.0 1 2840 
1.0 Sodium Lignosulfonate 0 1 0 
1.0 Sodium Lignosulfonate 1.0 1 3420 


TABLE 2—EFFECT OF DECONTAMINANT ON STRENGTH OF 
DILUTED AND CONTAMINATED CEMENT 


(Water-Cement Ratio = 0.46) 


Aging Compressive 
Volume Per Cent Decontaminant Time Strength, 
Mud No. 3 Lb/Sack Cement Days psi 
AGING TEMPERATURE 120°F 
40 0 1 0 
AO 0 7 0 
40 0 14 0 
40 1.0 1 100 
40 1.0 2 1140 
40 2.0 1 1140 
COMPOSITION OF MUD NO, 3 
3 Ib/bbl Quebracho 
3 Ib/bbI Caustic 
7 \|b/bbI Lime 
2 \|b/bbI Lignite 
2 Sodium Carboxymethylcellulose 
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ties, the method was not recommended with commer- 
cial slow set cements. To avoid possible side reactions 
all cements containing the decontaminant have been 
prepared in fresh water. 

A principal application of the method has been for 
open-hole plug setting. Twelve such jobs are listed in 
Table 7. In general, the plugs were found to be hard 
after only a few feet had been drilled off, and were 
consistently hard with further drilling. In one instance 
139 ft of plug were drilled and in another 143 ft, both 
showing hard cement throughout. In frequent testing 
the plugs held 20,000 Ib or more of bit weight. In only 
one instance was there any appreciable amount of soft 
cement. In this case twice the recommended amount of 
retarder was used and much of the decontaminant 
was left in the cement truck tanks. This plug had 61 ft 
of hard cement at bottom. 

Seven of these plugs were set in the Timbalier Bay 


TABLE 3—SIMULATED SQUEEZE CEMENTING TESTS ON 46 PER CENT 
CLASS A CEMENT SLURRIES 


Initial 
Test Depth, Decontaminant, Viscosity, Time to 
Feet Lb/Sack Cement Poise 100 Poises 
BRAND A COMMON CEMENT 
2,000 0 20 3 hrs-18 mins 
2,000 1.0 22 3 hrs- 4 mins 
4,000 0 18 1 hr -40 mins 
4,000 1.0 20 1 hr -44 mins 
6,000 0 20 1 hr -14 mins 
6,000 1.0 20 1 hr -12 mins 
BRAND B COMMON CEMENT 
2,000 0 13 3 hrs- 8 mins 
2,000 1.0 11 3 hrs-11 mins 
2,000 2.0 12 3 hrs-38 mins 
4,000 0 13 1 hr -51 mins 
4,000 1.0 12 2 hrs-13 mins 
6,000 0 14 1 hr -20 mins 
6,000 1.0 14 1 hr -10 mins 


TABLE 4—SIMULATED CASING-SETTING TESTS ON 46 PER CENT CLASS A 
CEMENT SLURRIES RETARDED BY CALCIUM LIGNOSULFONATE 


Test Depth, Per Cent Calcium Decontaminant Time to 
Feet Lignosulfonate Lb/Sack Cement 100 Poises 

BRAND A COMMON CEMENT 

14,000 0.60 0 5 hrs- 0 mins 

14,000 0.60 1.0 4 hrs-41 mins 
BRAND B COMMON CEMENT 

10,000 0.20 0 1 hr -50 mins 

10,000 0.20 1.0 1 hr -42 mins 

10,000 0.30 1.0 2 hrs- 3 mins 

14,000 0.40 0 2 hrs-50 mins 

14,000 0.40 1.0 2 hrs-42 mins 

14,000 0.60 0 4 hrs- O mins 

14,000 0.60 1.0 4 hrs- 4 mins 
BRAND C COMMON CEMENT 

14,000 0.40 0 2 hrs-10 mins 

14,000 0.40 1.0 2 hrs- 7 mins 


TABLE 5—EFFECT OF DECONTAMINANT ON DILUTED AND CONTAMINATED 
CEMENTS RETARDED BY CALCIUM LIGNOSULFONATE. 
(Water-Cement Ratio =0.46) 
Curing 
Per Cent Calcium Per Cent Decontaminant Time 
Lignosulfonate Contaminant Lb/Sack Cement Days 


Compressive 
Strength psi 


CURING TEMPERATURE 180°F 


0.20 20 Mud No. 2 0 1 0 
0.20 20 Mud No. 2 1.0 1 1820 
0.20 20 Mud No. 2 1.0 2, 2525 
0.30 20 Mud No. 2 1.0. 1 1650 
0.30 20 Mud No. 2 1.0 2 2250 
0.30 30 Mud No, 2 1.0 1 865 
0.40 30 Mud No. 2 0 1 Go 
0.40 30 Mud No. 2 0 7 0 
0.40 30 Mud No. 2 1.0 1 110 
0.40 30 Mud No. 2 0 1 o* 
0.40 30 Mud No. 2 1.0 1 740* 
0.40 0.5 Pregelatinized 0 1 0 
0.40 Starch 1.0 1 1688 
*Cured under 3,000 psi and at 170°F. 
TABLE 6 
eet Per Cent Calcium Decontaminant Decontaminant 

ee 


6,000 and less 


6,000-10,000 
10,000-14,000 


Lignosulfonate 


Lb/Sack Cement 


1.0 
1.0 
1.0 


Lb/Gal Water 
0.193 
0.193 
0.193 
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0.30 
0.50 


TABLE 7—DECONTAMINANT PLUG JOBS 


Per Cent 
Now Field or Area State Sacks Retarder 
] Timbalier Bay Louisiana 200 0.238 
2 Timbalier Bay Louisiana 125 02 
3 Timbalier Bay Louisiana 100 0.5 
4 Timbalier Bay Louisiana 200 0.25 
5 Timbalier Bay Louisiana 200 0.25 
6 Timbalier Bay Louisiana 200 0.175 
7 Timbalier Bay Louisiana 140 — 
8 W. Cameron Offshore 300 — 
9 W. Cameron Offshore 250 — 
10 Moore Texas 250 _ 
11 Beaumont Texas 150 — 
12 Corpus Christi Offshore 200 — 


*Plugs usually tested after 12 to 18 hours, 


field. In comparison with the 50 per cent failures re- 
ported in the introduction, definite improvement is indi- 
cated. There were no changes in mud chemicals used, 


plug-placing techniques, or personnel during this period 


which might otherwise explain the difference. ese 

To date, a total of 40 plugs have been set with de- 
contaminant and the success ratio continues high (95 
per cent). 

The decontaminant should have application in any 
other cementing operation where mud contamination 
occurs. However, the extent of this in casing, liner, 
and squeeze cementing is presently a matter of con- 
jecture. The authors feel that sufficient cement usually 
flushes the critical zone of primary casing jobs to re- 
move most of the mud and decontamination is not nec- 
essary. fee 

With liners the cement slurry volume is usually just 
enough to fill the annulus and extensive flushing does 
not occur. Decontamination is therefore believed to 
have application. Four successful liner jobs at depths 
between 4,000 and 13,000 ft have been run. 

The decontaminant could conceivably be of aid in 
Squeeze jobs and has been used in 135 squeeze opera- 
tions. In nearly all jobs hard cement was found when 
slurry left in the casing was drilled. These squeezes 
were interspersed with jobs that did not employ the 
decontaminant, and with either mixture successive jobs 
were frequently required before a dry test could be 
obtained. There are factors other than mud contam- 
ination that affect water and hydrocarbon shut off. 
Whether use of the method will increase the success 


ratio of squeeze jobs can be determined only on a broad © 


statistical basis and such an evaluation is under way. 

Other decontaminant uses have consisted of spotting 
cement behind conductor pipe, a successful squeeze of 
a conductor pipe seat to stop lost circulation, and a liner 
cementing attempt that flash set. The latter occurred 
in a 14,650-ft job in which the retarder concentration 
was one-half that recommended. Whenever the recom- 
mended amount of retarder has been added, the pump- 
ing time has always been adequate even though five 
brands of common cement have been used. 

Present practice is to purchase the finely powdered 
paraformaldehyde in 11-gal crimped top cans with seal- 
ing gaskets. The sodium chromate is packed in the top 
of the can in a small polyethylene sack, and each can 
contains a total of 50 lb of decontaminant. The two 
components are separated to prevent inter-reaction and 
may be stored in this manner indefinitely. 

Experience has indicated that two methods of mixing 
the decontaminants are satisfactory, the preferred being 
addition to dry cement in batch mixing devices at bulk 
plants. When mixed into bulk cement, deterioration of 
decontaminant effectiveness proceeds and no more 
than three days should elapse before use. 

In another mixing procedure the sodium chromate 
can be dumped into the paraformaldehyde, the can 
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Depth Feet Footage 

Feet of Plug Drilled Remarks* 
9380-9816 436 131 r 
8665-8865 200 139 Hard after 139 ft (see discussion) 
8500-8804 296 40 Hard Cement 
7212-7700 488 66 Hard Cement 
8818-9200 382 91 Hard Cement 
4784-5019 235 35 Hard Cement 
2957-3351 394 143 Hard Cement 
3075-3207 132 45 Hard at 45 ft after 24 hours 
2397-2868 47) 253 Soft in one interval for a few feet 
3182-3450 268 SZ Held 55,000 Ib 
5268-5482 214 5 Hard Cement 


filled with water, and the contents stirred to prepare 
a suspension. One and one-half cans are added to a 
10-bbl cement truck tank while it is being filled with 
water. When the tank is used in preparing slurry at 1.1 
to 1.2 cu ft/sack or with 75 sacks, the deviation from 
the recommended 1 Ib/sack decontaminant concentra- 
tion is insignificant. For large jobs as many batches can 
be prepared as required. Settling of the paraformalde- 
hyde is not serious and intermittent stirring with a 
long handled shovel is sufficient to prevent it. 

Paraformaldehyde is a noxious chemical that should 
not be breathed extensively nor left on the skin for ex- 
tended periods. It is an eye irritant when suspended in 
air and some disagreeable formaldehyde vapors rise 
when it is added to truck tanks. For this reason the 
method of adding the decontaminant to the mixing water 
is not recommended for use in confined areas such as 
the cementing rooms of some offshore drilling tenders. 
Reasonable care exercised in handling the material will 
cause less difficulties than occur with some other com- 
mon oilfield chemicals such as acid and caustic. 


CONCLUSIONS 


1. When used in Class A cement the decontaminant, 
consisting of three parts paraformaldehyde to two parts 
sodium chromate tetrahydrate, is effective in neutralizing 
the set-retarding properties of a number of organic drill- 
ing mud additives. 

2. Calcium lignosulfonate is an effective retarder in 
Class A portland cements containing the decontaminant. 

3. No changes in normal slurry viscosities or thick- 
ening times of Class A portland cement result solely 
from the decontaminant. 

4. Laboratory tests and field experience indicate that 
1 Ib of the protecting reagents added to each sack 
of cement is adequate for the majority of contamination 
problems. 

5. The ratio of open-hole plug successes to failures 
has increased since application of the method in 40 
plug jobs. 
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DTS 6 


J. M. BUGBEE 
MEMBER AIME 


We do not agree that “Field experience . . . estab- 
lished contamination by drilling mud as a major factor 
in oil well cement failures.” Our experience is that chan- 
neling is the major cause and that contamination is 
minor or lacking as a cause of failure. We still adhere 
to the Teplitz-Hassebroek* conclusion that “. . . the 
majority of cementing difficulties arose from incom- 
plete displacement of the drilling fluid by the cement 
slurry during the original casing setting. This channel- 
ing . . . could be virtually eliminated . . .” by applica- 
tion of the scratcher-centralizer-pipe movement cemen- 
tation technique. 


1Teplitz, A. J., and Hassebroek, W. E.: “An Investigation of Oil 
Well Cementing,”’ API Drill. and Prod. Prac. (1946). 


SHELL O/L CO. 
HOUSTON, TEX. 


It might be said that the authors’ concern is limited 
to the placing of open-hole plugs through drill pipe. 
The conditions during such an operation are, however, 
even more favorable to developing channeling of the 
cement than in casing cementations. Further, the tech- 
nique of placing open-hole plugs through a stinger of 
drill pipe or tubing equipped with wall scratchers and 
with the drill pipe reciprocated or rotated as the cement 
rises in the annulus, is well known and has been used in 
our operations since 1948. It seems plain that the appli- 
cation of a proper placement technique would be pre- 
ferred to the use of a decontaminant. With certain liner 
cementations, however, the use of this additive may 
prove to be important and desirable. 


AUTHORS’ REPLY to J. M. BUGBEE 


The authors agree that the majority of cementing 
difficulties arise from incomplete displacement of mud 
by cement slurry. In fact, this is the method by which 
cement contamination is believed to occur. Mud by- 
passed during displacement is normally of a. density 
different from the cement. Two fluids of different 
density, standing in columns side by side, would be ex- 
pected to intermix spontaneously until the density is 
uniform. This mixing is further aided by pipe as it is 
withdrawn from a plug after spotting. The authors have 
seen cement cuttings from plugs which contained small 
balls of disseminated mud. 

The efficiency of displacement is materially aided by 
scratchers and centralizers. and we strongly agree with 
their use in plug settings. with or without decontami- 
nant. In casing cementing. displacement is also aided 


by the lower part of the casing annulus being swept by 
the large volume of cement slurry usually required 
to obtain a long cement column. With plugs a relatively 
small volume of cement is placed and the pumping is 
stopped—severely limiting the flushing and the time 
available for effective scratching. We believe that con- 
tamination is more likely in plug setting than in cas- 
ing cementing, even with the use of scratchers and cen- 
tralizers. The same considerations apply to liner ce- 
menting, which would also probably be aided by scratch- 
ers and centralizers. 

The highest degree of cement contamination probably 
occurs in isolation squeezes made in order to test prob- 
able producing zones behind uncemented lengths of 
casing. Here scratching is impossible and displacement 
is expected to be very poor. kkk 
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ABSTRACT 


A_theoretical examination of the fracturing of rocks 
by means of pressure applied in boreholes leads to the 
conclusion that, regardless of whether the fracturing 
fluid be of the penetrating or non-penetrating type, the 
fractures produced should be approximately perpendic- 
ular to the axis of least stress. The general state of-stress 
underground is that in which the three principal stresses 
are unequal. For tectonically relaxed areas character- 
ized by normal faulting, the least stress should be hori- 
zontal; the fractures produced should be vertical with 
the injection pressure less than that of the overburden. 


In areas of active tectonic compression, the least stress ee 


should be vertical and equal to the pressure of the over- 
burden; the fractures should be horizontal with injec- 
tion pressures equal to or greater than the pressure of 
the overburden. 

Horizontal fractures cannot be produced by hydrau- 
lic pressures less than the total pressure of the over- 
burden. 

These conclusions are compatible with field experi- 
ence in fracturing and with the results of laboratory 
experimentation. 


Od WC ELON 


The hydraulic-fracturing technique of well stimula- 
tion is one of the major developments in petroleum 
engineering of the last decade. The technique was intro- 
duced to the petroleum industry in a paper by J. B. 
Clark,* of the Stanolind Oil and Gas Co. in 1948, and 
since then its use has progressively expanded so that by 
the end of 1955 more than 100,000 individual treat- 


ments had been performed. 


Original manuscript received in Society of Petroleum Engineers 
office on July 16, 1956. Revised manuscript received Feb. 6, 1957. 
Paper presented at Petroleum Branch Fall Meeting in Los Angeles, 
Oct. 14-17, 1956. 

1References given at end of paper. 
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The technique itself is mechanically related to three 
other phenomena concerning which an extensive litera- 
ture had previously developed. These are: (1) pressure 
parting in water injection wells in secondary-recovery 
operations, (2) lost circulation during drilling, and (3) 
the breakdown of formations during squeeze-cementing 
operations, all of which appear to involve the formation 
of open fractures by pressure applied in a wellbore. 
The most popular interpretation of this mechanism has 
been that the pressure had parted the formation along 
a bedding plane and lifted the overburden, notwith- 
standing the fact that in the great majority of cases 
where pressures were known they were significantly less 
than those due to the total weight of the overburden as 
determined from its density. 

Prior to 1948, this prevalent opinion had already 
been queried by Dickey and Andresen,’ in a study of 
pressure parting; and by Walker,** who, in studies of 
Squeeze cementing, pointed out that the pressures re- 
quired were mostly less than those of the overburden, 
and inferred that the fractures should be vertical. J. B. 
Clark,’ in his paper introducing hydraulic fracturing, 
and later Howard and Fast,’ and Scott, Bearden, and 
Howard,’ also of Stanolind, postulated that the entire 
weight of the overburden need not be lifted in produc- 
ing horizontal fractures, but that it was only necessary 
to lift an “eftective overburden,” requiring a corre- 
spondingly lower pressure. Hubbert,’ in discussing the 
paper by Scott and associates, pointed out that the nor- 
mal state of stress underground is one of unequal prin- 
cipal stresses; and in tectonically relaxed areas, charac- 
terized by normal faults, the least stress should be 
horizontal. Therefore, in most cases, fracturing should 
be possible with pressure less than that of the overbur- 


den and, moreover, such fractures should be vertical. ,..»y 


Harrison, Kieschnick, and McGuire,’ also on the expec- 
tation that the least principal stress should be horizontal, 
argued strongly in favor of vertical fracturing. 

Scott, Bearden, and Howard’ observed that, when 
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using penetrating fluids, hollow, cylindrical cores could 
be ruptured at less than half the pressures required using 
non-penetrating fluids. They also observed that with 
penetrating fluids the fractures occurred parallel to the 
bedding, irrespectively of the orientation of the bedding 
with respect to the axis of the core; whereas with non- 
penetrating fluids the fractures tended to be parallel to 
the axis of the core. Finally, Reynolds, Bocquet, and 
Clark’ described additional experiments confirming the 
earlier work of Scott, Bearden, and Howard and on the 
basis of this concluded that it should be possible to pro- 
duce horizontal fractures with penetrating fluids and 
vertical fractures with non-penetrating fluids. 


During the last cwo years the present authors have 
been engaged in a critical re-examination of this prob- 
lem, and since the results obtained have sustained the 
conjecture offered earlier by Hubbert,’ the principal 
content of this paper is an elaboration of that view. 


THE STATE OF STRESS UNDERGROUND 


The approach frequently made to the problem of 
underground stresses is to assume that the stress field 
is hydrostatic or nearly hydrostatic with the three prin- 
cipal stresses approximately equal to one another and to 
the pressure of the overburden. That this cannot gen- 
erally be true is apparent from the fact that over long 
periods of geologic time the earth has exhibited a high 
degree of mobility wherein the rocks have been repeat- 
edly deformed to the limit of failure by faulting and 
folding. In order for this to occur, substantial differ- 
ences between the principal stresses are required. 


The general stress condition underground is therefore 
one in which the three mutually perpendicular princi- 
pal stresses are unequal. If fluid pressure were applied 
locally within rocks in this condition, and the pressure 
increased until rupture or parting of the rocks results, 
that plane along which fracture or parting is first possi- 
ble is the one perpendicular to the least principal stress. 
It is here postulated that this plane is also the one along 
which parting is most likely to occur (Fig. 1). 

In order, therefore, to have a mechanical basis for 
anticipating the fracture behavior of the rocks in vari- 
ous localities, it is necessary that something be known 
concerning the stress states that may be expected. The 
best available evidence bearing upon these stress condi- 
tions is the failure of the rocks themselves, either by 
faulting or by folding. ; 


LEAST PRINCIPAL 
STRESS 


FRACTURE 


Fic. 1—Srress ELEMENT AND PREFERRED PLANE OF 
FRACTURE. 
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The manner in which the approximate state of stress 
accompanying various types of geologic deformation 
may be deduced was shown in a paper by Hubbert,” 
published in 1951, of which the remainder of this sec- 
tion is a paraphrase. In addition, Figs. 2 to 9 have been 
taken from that earlier paper and are here reproduced 
by permission of the Geological Society of America. 

Figs. 2 and 3 show a box having a glass front, and 
containing ordinary sand. In the middle there is a par- 
tition which may be moved from left to right by turning 
a hand screw. The white lines are markers of powdered 
plaster of paris which have no mechanical significance. 
As the partition is moved to the right, a normal fault 
with a dip of about 60° develops in the left-hand com- 
partment, as shown in Fig. 2. With further movement a 
series of thrust faults with dips of about 30° develop in 
the right-hand compartment, as shown in Fig. 3. 

The general nature of the stresses which accompany 
the failure of the sand may be seen in Fig. 4. Adopt- 
ing the usual convention of designating the greatest, 
intermediate, and least principal stresses by o,, o», and 
3, Tespectively (here taken as compressive), in the left- 
hand compartment o; will be the horizontal stress, which 
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1s reduced as the partition is moved to the right, and o, 
will be the vertical stress, which is equal to the pressure 
of the overlying material. In the right-hand compart- 
ment, however, o, will be horizontal, increasing as the 
partition is moved, and o, will be vertical and equal to 
the pressure of the overlying material. A third type of 
failure, known as transcurrent faulting, is not demon- 
Strated in the sand-box experiment. This occurs when 
the greatest and least principal stresses are both hori- 
zontal and failure occurs by horizontal motion along a 
vertical plane. In all three kinds of faults, failure occurs 
at some critical relationship between o, and 03. 

To determine this critical relationship it is first neces- 
sary to obtain an expression for the values of the normal 
stress o and shear stress 7 acting across a plane perpen- 
dicular to the o,,0.-plane and making an arbitrary angle 
a with the direction of least principal stress o,.-As 
shown in Fig. 5, this may be done by balancing the 
equilibrium forces which act upon a small triangular 
prism of the sand. The resulting expressions for o and 
7 are 


: cos 2a, 


T= sin 2a. 

A very convenient method of graphically represent- 
ing these expressions, known as the Mohr stress Tepre- 
sentation, consists in plotting values of normal and 
shear stress from Eq. 1 with respect to o,7-coordinate 
axes for all possible values of the angle a, as shown in 
Fig. 6. The locus of all o,7-values is a circle and it can 
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be seen that as a approaches zero and the plane becomes 
normal to o,, the normal stress becomes equal to o, and 
the shear stress disappears. On the other hand, as a 
approaches 90° and the plane becomes normal to the 
least principal stress o,, the normal stress becomes equal 
to o, and the shear stress again disappears. This figure 
completely describes all possible combinations of nor- 
mal and shear stress acting on planes perpendicular to 
the plane of o, and a,. 


It is next necessary to determine the combination of 
shear and normal stresses which will induce failure. 
This information may be obtained from a standard soil- 
mechanics test which is illustrated in Fig. 7. A horizon- 
tally divided box is filled with sand which is then placed 
under a vertical load. The shearing force which is nec- 
essary to displace the upper box js then measured for 
various values of vertical stress. In this way it is found 
that the shearing stress for failure is directly propor- 
tional to the normal stress, or that 


Where ¢ is known as the angle of internal friction and 
is a characteristic of the material. For loose sand ¢ is 
approximately 30°. These critical stress values may be 
plotted on a Mohr diagram, as shown in Fig. 8. The two 
diagonal lines comprise the Mohr envelopes of the mate- 
rial and the area between them represents stable combi- 
nations of shear stress and normal Stress, whereas the 
area exterior to the envelopes represents unstable condi- 
tions. Fig. 8 thus indicates the stability region within 
which the permissible values of « and 7+ are clearly 
defined. The stress circles may then be plotted in con- 
junction with the Mohr envelopes to determine the con- 
ditions of faulting. This is illustrated in Fig. 9 for both 
normal and thrust faulting. In both cases one of the 
principal stresses will be equal to the overburden pres- 
sure, or o,. In the case of normal faulting the horizontal 
principal stress is progressively reduced thereby increas- 
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Fic. 9—Mour Diacram THE PossiBLe RANGE OF THE 
HorizonTa Stress For A GIVEN VERTICAL STRESS THE Hort- 
ZONTAL Stress Can Have Any VALUE RANGING FROM APPROXI- 
MATELY ONE-THIRD THE VERTICAL STRESS, CORRESPONDING TO 
Norma To APPROXIMATELY THREE TIMES THE VER- 
TICAL STRESS, CORRESPONDING TO REVERSE FAULTING. 


ing the radius of the stress circle until it becomes tan- 
gent to the Mohr envelopes. At this point unstable 
conditions of shear and normal stress are reached and 
faulting occurs on a plane making an angle of 45° -+ 
/2 with the least stress. For sand having an angle of 
internal friction of 30°, the normal fault would have a 
dip of 60°, which agrees with the previous experiments. 
For the case of thrust faulting, the least principal stress 
would be vertical and would remain equal to the over- 
burden pressure while the horizontal stress is progres- 
sively increased until unstable conditions occur and 
faulting takes place on a plane making an angle of 
45° + $/2 with the least principal stress, or 45° — p/2 
with the horizontal. For sand this would be a dip of 
about 30°, which again agrees with the experiment. 


It can be seen that, for sand having an angle of inter- 
nal friction of 30°, failure will occur in either case when 
the greatest principal stress reaches a value which is 
about three times the least principal stress, and that the 
failure will occur along a plane making an angle of 
about 60° to the least principal stress. Also, for a fixed 
vertical stress o., the horizontal stress may have any 
value between the extreme limits of one-third and three 
times o.. 


MOHR DIAGRAM FOR ROCKS 


The foregoing theoretical analysis is directly appli- 
cable to solid rocks provided the Mohr envelopes have 
been experimentally determined. In order to do this it 
is necessary to subject rock specimens to a series of 
triaxial compression tests under wide ranges of values 


of greatest and least principal stresses o, and o;. It has . 


been found that at sufficiently high pressures nearly all 
rocks deform plastically and the Mohr envelopes be- 
come approximately parallel to the c-axis. However, at 
lower pressures most rocks fail by brittle fracture and 
within this domain the envelopes are approximated by 
the equation 

where the angle of internal friction ¢ has values usually 
between 20° and 50° and most commonly not far from 
30°, and 7, is the shearing strength of the material for 
zero normal stress (Fig. 10). 


Fortunately, Eq. 3 is applicable to most rocks within 
drillable depths. Exceptions would occur in the cases 
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of the plastic behavior of rock salt and unconsolidated 
clays. 

One additional modification in the theoretical analysis 
is needed before it is directly applicable to geologic 
phenomena. Sedimentary rocks are both porous and 
permeable and their pore spaces are almost invariably 
occupied by fluids, usually water, at some pressure p. 
It is necessary to know the effect which is produced by 
the fluid pressure upon the mechanical properties of 
the rock. 

This question was specificaily investigated by Douglas 
McHenry,” of the U. S. Bureau of Reclamation, who 
ran a large series of tests on duplicate specimens with 
and without enclosure by impermeable jackets, using 
nitrogen gas to produce the pressure p. He found for 
the unjacketed cases, when the axial compressive stress 
S was corrected for the opposing fluid pressure p, that 
the value of the residual effective stress, ¢ = S — p, at 
which failure occurred was to a close approximation 
constant and independent of the pressure p of the per- 
meating fluid. 

This result is directly applicable to the behavior of 
rocks underground. Porous sedimentary rocks are nor- 
mally saturated with fluid under pressure and constitute 
a mixed solid-fiuid stress system. The stress field exist- 
ing in this system may be divided into two partial 
stresses: (1) the hydrostatic pressure p which pervades 
both the fluid and solid constituents of the system, and 
(2) an additional stress in the solid constituent only. 
The total stress is the sum of these two. 

If, across a plane of arbitrary orientation, § and T 
are the normal and tangential components, respectively, 
of the total stress, and o and 7 the corresponding com- 
ponents of the solid stress, then, by superposition, 

S=otp, 
T=T, \ 
are the equations relating the stress fields. 

The pressure p produces no shearing stress and 
hence has no tendency to cause deformation. Moreover, 
as demonstrated by the work of McHenry, it has no 
significant effect on the properties of the rock. There- 
fore, with respect to the stress of components o and 7, 
the rock has the same properties underground as those 
exhibited in the triaxial testing machine using jacketed 
specimens, 


This fact has long been recognized in soil mechanics 
where the partial stress of components o and 7 is known 
as the effective stress, and the pressure p as the neutral 
stress (Terzaghi,”). The effective stress defined in this 
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manner is not to be confused with the postulated “ef- 
fective overburden pressure” invoked by the Stanolind 
group and others to justify their assumption of horizon- 
tal fracturing in response to pressure less than that of 
the overburden. 

Therefore, the entire Mohr stress analysis is directly 
applicable to porous rocks containing fluid under pres- 
sure provided that effective stresses only are used. 

It is interesting to consider the behavior of the ef- 
fective vertical stress under various fluid-pressure con- 
ditions. Under any condition the total vertical stress 
S, is very nearly equal to the weight of the overlying 
material per unit area. The effective vertical stress Tes 
however, is given by 

Under normal hydrostatic conditions p is somewhat 
less than half the total pressure of the overburden and 
the effective vertical stress is therefore slightly more 
than one-half the overburden pressure. However, with 
abnormally high fluid pressures, such as occur in some 
parts of the Gulf Coast, the effective vertical stress is 
correspondingly reduced, and in the extreme case of 
fluid pressure equal to the total overburden pressure, 
the effective vertical stress becomes zero. 

Returning now to the mechanical properties of rocks, 
for loosely consolidated sediments such as those of the 
Gulf Coast area, the limiting envelopes on the Mohr 
diagram will approximate those for loose sand shown 
in Fig. 8. In older and stronger rocks, the Mohr en- 
velopes are given approximately by Eqa3e 

These also are similar to the envelopes for loose sand 
except, as shown in Fig. 10, they project to an intersec- 
tion at some distance to the left of the origin, indicating 
that the rocks have some degree of tensile strength and 
also have a shear strength of finite magnitude 7, when 
the normal stress is equal to zero. The Mohr envelopes 
for tests on a sandstone and an anhydrite made by 
J. W. Handin of the Shell Development Exploration 
and Production Research Laboratory are shown in Figs. 
11 and 12. 

In either case, however, it will be observed that, at 
other than shallow depths, the value of o;, the least 
stress, at the time of faulting, will be of the order 
of one-third of the value of o,, the greatest stress. 

Since these are the extreme states of stress at which 
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failure occurs, it follows that when actual faulting 
is not taking place the stress differences which may 
prevail are somewhat less than these limits. However, 
in most regions a given type of deformation is usually 
repetitive over long geologic periods of time, indicat- 
ing that the stresses of a given type are persistent and 
not far from the breaking point most of the time. 

The orientation of the trajectories of the principal 
stresses in space is largely determined by the condition 
which they must satisfy at the surface of the earth. This 
is a surface along which no shear stresses can exist. 
Since for unequal stresses the only planes on which the 
Shear stresses are zero are those perpendicular to the 
principal stresses, it follows that one of the three trajec- 
tories of principal stress must terminate perpendicular 
to the surface of the ground, and the other two must 
be parallel to this surface. Thus, in regions of gentle 
topography and simple geologic structures, the princi- 
pal stresses should be respectively nearly horizontal and 
vertical, with the vertical stress equal to the pressure 
of the overlying material. 

Therefore, in geologic regions where normal faulting 
is taking place, the greatest stress o, should be ap- 
proximately vertical and equal to the effective pressure 
of the overburden, while the least stress o, should be 
horizontal and most probably between one-half and one- 
third the effective pressure of the overburden. 

On the other hand, in regions which are being short- 
ened, either by folding or thrust faulting, the least stress 
should be vertical and equal to the effective pressure 
of the overburden, while the greatest stress should be 
horizontal and probably between two and three times 
the effective overburden pressure. 

In the case of transcurrent faulting, both the great- 
est and least stresses should be horizontal, with the in- 
termediate stress o, equal to the effective vertical stress. 

As an example, the Tertiary sediments of the Texas 
and Louisiana Gulf Coast have undergone recurrent 
normal faulting throughout Tertiary time and up to 
the present. This indicates that a normal-fault stress 
system must have been continuously present which in- 
termittently reached the breaking points for the rocks, 
causing the stresses temporarily to relax and then 
gradually to build up again. Hence, during most of 
this time, including the present, a stress state must have 
existed in this region for which the least stress has been 
horizontal and probably between one-half and one-third 
of the effective pressure of the overburden. Since the 
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taults in this area, except around salt domes, are mostly 
parallel to the strike of the rocks, the axis of ieast 
stress must be parallel to the dip. 

A large part of the region of West Texas and the 
Mid-Continent is also a region of tectonic relaxation 
characterized by older normal faults. The situation here 
is somewhat more ambiguous than that of the Gulf 
Coast since faulting in these regions is not now active. 
However, since evidences of horizontal compression are 
Jacking, it is still reasonable to assume that a relaxed 
stress state in these areas is the more probable one at 
present. 

California, on the other hand, is in a region where 
active tectonic deformation is occurring at the present, 
as indicated by the recurrence of earthquakes, by ex- 
tensive folding and faulting of the rocks during the Re- 
cent geological period, and by slippages along faults 
and measurable movements of elevation bench marks 
during the last few decades. All three of the types of 
stress pattern described earlier probably occur in dif- 
ferent parts of this region; but, in areas still undergoing 
active compression, the greatest stress must be essen- 
tially horizontal, whereas the least stress would be the 
effective weight of the overburden. 

It should be understood that the foregoing analysis 
of faulting is employed only as a means of estimating 
the state of stress underground and that the shearing 
mechanism of faulting is quite distinct from the mecha- 
nism of producing hydraulic fractures, which are es- 
sentially tension phenomena. However, with an under- 
standing of the regional subsurface stresses, it is now 
possible to analyze the stress conditions around the bore- 
hole and to determine the actual conditions under which 
hydraulic tension fractures will be formed. 


STRESS DISTORTIONS CAUSED BY 
THE BOREHOLE 


The presence of a wellbore distorts the pre-existing 
stress field in the rock. An approximate calculation of 
this distortion may be made by assuming that the rock 
is elastic, the borehole smooth and cylindrical, and the 
borehole axis vertical and parallel to one of the pre- 
existing regional principal stresses. In general, none of 
these assumptions is precisely correct, but they will 
provide a close approximation to the actual stresses. 
The stresses to be calculated should all be viewed as 
the effective stresses, carried by the rock in addition to 
a hydrostatic fluid pressure, p, which exists within the 


q 


wellbore as well as in the rock. The calculation is made 
from the solution in elastic theory for the stresses in an 
infinite plate containing a circular hole, with its axis 
perpendicular to the plate, which was first obtained 
by Kirsch,” and is also given by Timoshenko,“ and by 
Miles and Topping.” 

Expressed in polar coordinates with the center of 
the hole as the origin, the plane-stress components at a 
point 6, r, exterior to the hole in a plate with an other- 
wise uniform uniaxial stress, o,, are given by 

o4 a o4 a a 


r 2 r 


2 

25 | sin 20 , 
r if 

(6) 


2 

where a is the radius of the hole and the 6-axis is 
taken parallel to the axis of the compressive stress o,. 
The same solution for a regional principal stress o, at 
right angles to o4, in which (6 + 90°) is used for the 
angular coordinate, may be superposed (added) onto 
Eq. 6 to give the complete horizontal components of 
stress in the vicinity of the borehole. The values of the 
horizontal stresses across the principal planes in the 
vicinity of the borehole have been calculated in this 
way for various relative values of the o,/o,-ratio and 
are presented in Figs. 13 and 14. 


It can be seen that in every case the stress concen- 
trations are local and that the stresses rapidly approach 
the undisturbed regional stresses within a few hole 
diameters. The principle of superposition of the two 
parts of the stress field is illustrated in Fig. 13 for the 
case in which o;/o, is 1.0. For o, alone, the circumfer- 
ential stress at the walls of the hole varies from a mini- 
mum value of — oy (tensile) across the plane parallel 
to the o4-axis to a maximum of + 30,, across the plane 
normal to the o,-axis. When the two stresses are super- 
posed, the stress field has radial symmetry and the cir- 
cumferential stress at the walls of the hole is + 264. 
The resultant stress fields for other ratios of Oz/o4 are 
shown in Fig. 14. In the extreme case when 2/04 
= 3.0, the circumferential stress at the walls of the 
hole varies from a minimum of 0 to a maximum of 
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The vertical component of the stress is also distorted 
in the vicinity of the borehole. The initial vertical 
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Stress is equal to the effective pressure of the overbur- 
den. The distortion in the vertical stress is a function 
of the values of the regional horizontal stresses o, and 
ox. However, the magnitude of this distortion is small 
in comparison with the concentrations of the horizontal 


stresses and it rapidly disappears with distance away 
from the wellbore. 


THE EFFECT OF PRESSURE APPLIED IN 
THE BOREHOLE 


The application within the borehole of a fluid pres- 
sure in excess of the original fluid pressure produces 


(c) 


Fic. 14—Stress STATES ABOUT A BOREHOLE FOR REGIONAL-STRESS 


RATIOS o;/o,4 OF 1.4, 2.0, AND 3.0. 
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additional stresses. In the case of a non-penetrating 
fluid, these stresses may be derived from the Lamé solu- 
tion for the stresses in a thick-walled elastic cylinder, 
which is given by Timoshenko. If the outer radius of 
the cylinder is allowed to become very large and the 
external pressure is set equal to zero, the solution be- 
comes applicable to the wellbore problem and the radial, 
circumferential, and vertical stresses become 


2 


if 
a ) 
, 
o,=0, | 


in which Ap is the increase in fluid pressure in the 
wellbore over the original pressure, a is the hole ra- 
dius, and r is the distance from the center of the hole. 

The circumferential stresses due to a pressure Ap in 
the wellbore are shown in Fig. 15. The stresses given 
are those caused by Ap alone, and to obtain the com- 
plete stress field it is necessary to superpose these 
stresses upon those caused by the pre-existing regional 
stresses which were calculated previously. This is illus- 
trated in Fig. 16 in which a pressure equal to 1.60, is 
applied to the wellbore for the case in which On/F4 
= 1.4, and is just sufficient to reduce the circumferen- 
tial stress to zero across one vertical plane at the wails 
of the hole. In all cases when the o;/o,-ratio is greater 
than 1, the vertical plane across which o, first becomes 
zero as the wellbore pressure is increased is that perpen- 
dicular to o4, the least horizontal stress. 


RUPTURE PRESSURES 

In order to determine the rupture or breakdown 
pressures required to initiate fractures under various 
conditions, it is necessary to consider the properties of 
the rocks being fractured. The tensile strength of rock 
is a notoriously undependable quantity. For flawless 
specimens it ranges from zero for unconsolidated ma- 
terials to several hundred pounds per square inch for 
the strongest rocks. However, as observation of any 
outcrop will demonstrate, flawless specimens of linear 
dimensions greater than a few feet rarely occur. In ad- 
dition to the bedding laminations across which the 
tensile strength ordinarily is a minimum, the rocks 
usually are interesected by one or more systems of 
joints comprising partings with only slight normal dis- 


ao =-Ap 


Fic. 15—Srresses Causep By A PRESSURE Ap 
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Fic. 16—SupeRPosITION OF THE Stresses DuE TO A PRESSURE A\p OF 1.6 o4 UPON THE STRESSES AROUND 
A WELLBORE WHEN ao;,/o, Is 1.4. 


placements. Across these joint surfaces the tensile equal to the component of the undistorted stress field 
strength is reduced essentially to zero. normal to the plane of the fracture. A pressure only 
In any section of a wellbore a few tens of feet in slightly greater than this will extend the fracture in- 
length, it is probable that many such joints have been definitely provided it can be transmitted to the leading 
intersected. It appears likely, therefore, that the tensile edge. This can be seen from an analysis of an ideally 
strengths of most rocks that are to be subjected to hy- elastic solid, as shown in Fig. 17. The normal stresses 
draulic fracturing by pressure applied in wellbores is across the plane of a fracture near its leading edge are 
effectively zero, and that the pressure required to pro- shown for the case in which the applied pressure Ap 
duce a parting in the rocks is only that required to re- is slightly greater than the original undistorted stress 
duce the compressive stresses across some plane in the field o,. This solution is derived directly from the solu- 
walls of the hole to zero. tion for the stresses in a semi-infinite solid produced 
As the pressure is increased, the plane along which by a distributed load, which is presented by Timo- 
a fracture will commence will be that across which shenko. 
the compressive stress is first reduced to zero. In the The tensile stress near the edge of the fracture ap- 
case of a smooth cylindrical wellbore, this plane must proaches an infinite magnitude for a perfectly elastic 
be vertical and perpendicular to the least principal re- material. For actual materials this stress will still be 
gional stress. For the cases illustrated in Fig. 14, the Ne) large that a pressure AP only slightly greater than 
least compressive stress across a vertical plane at the os will extend the fracture indefinitely. The minimum 
walls of the hole varies from twice o, to zero. There- down-the-hole injection pressure required to hold open 
fore, the down-the-hole pressure required to start a and extend a fracture is therefore slightly in excess of 
vertical fracture with a non-penetrating fluid may vary the original undistorted regional stress normal to the 
from a value of twice the least horizontal regional stress plane of the fracture. The actual injection pressure will 


to zero, depending upon the o;/o,-ratio. 

It can be seen from Eq. 7 that pressure inside a 
cylindrical hole in an infinite solid can produce no axial 
tension, suggesting that it is impossible to initiate hori- 


zontal fractures. However, under actual conditions in 
wellbores, end effects should occur at well bottoms or 


the pressure times the area of the cross section of the 
hole would be exerted upon the ends of the interval. 
Furthermore, irregularities exist in the walls of the bore- 


tension. 


in packed-off intervals in which axial forces equal to 


hole which should permit internal pressures to produce 


In particular, as has been suggested by Bugbee,” the 
initial fractures may often be joints which have separated 
sufficiently to allow the entrance of the fluid, in which 
Case it is only necessary to apply sufficient pressure to 


hold open and extend the fracture. 


INJECTION PRESSURES | 


Once a fracture has been started the fluid penetrates | 
the parting of the rocks and pressure is applied to the | 


walls of the fracture. This reduces the stress concen- Fic. 17—Stresses in THE VICINITY oF a CRACK 
tration that previously existed in the vicinity of the IN 4 StresseD Eastic MarertaL THE PRes- 
wellbore and the pressure Ap required to hold the frac- ACTING Crack Is 


SLIGHTLY GREATER THAN THE STRESS WITHIN THE 


ture open in the case of a non-penetrating fluid is then MarTERIAL. 
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in general be higher than this minimum because of 
friction losses along the fracture. 


PRESSURE BEHAVIOR DURING TREATMENT 


A comparison of the breakdown and injection pres- 
sures required using non-penetrating fluids and for 
various values of the o;/o4-Tatio shows that there are in 
general two types of possible down-the-hole pressure 
behavior during a fracturing treatment. These are illus- 
trated in Fig. 18. The pressures Ap are increases meas- 
ured with respect to the original fluid pressure in the 
rocks. In one case the breakdown pressure may be 
substantially higher than the injection pressure. This 
would probably correspond to a horizontal fracture 
from a relatively smooth wellbore or to a vertical frac- 
ture under conditions in which the two horizontal prin- 


cipal stresses o, and o, were nearly equal. In the second 


case there is no distinct pressure breakdown during 
the treatment indicating that the pressure required to 
Start the fracture is less than or equal to the injection 
pressure. This would correspond to a horizontal or ver- 
tial fracture starting from a pre-existing opening or to 
a vertical fracture in a situation where the ratio o;/o, 
of the horizontal principal stresses was greater than 2.0. 


THE EFFECT OF PENETRATING FLUIDS 


When a penetrating fluid is used in a fracturing op- 
eration, a more complicated mechanical situation ex- 
ists. As noted previously the total normal stress S 
across any plane may be resolved into the sum of a 
residual solid stress o and the fluid pressure p, or 

Furthermore, with a non-penetrating fluid an increase 
in pressure Ap equal to o, or a total pressure P = p 
+ Ap equal to S, is required to hold open and extend 
a fracture along this plane. 

For the case of a penetrating fluid an increment of 
pressure in the fracture, which now may be designated 
by Ap., will produce an outward flow of fluid into the 
rock with a resulting variable increment Ap to the 
pressure within the formation. The gradient of this in- 
cremental pressure will exert an outward directed force 
upon both the rock and the contained fluid in each 
of the walls of the fracture. Let the normal component 
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of this force acting upon the rock content of unit bulk 
volume be H,, and that upon the fluid content H,,,. 
Since the volume of the fluid per unit bulk volume is 
the porosity f, and that of the rock (1 — f), it follows 
that 


Ap) 


However, due to viscous coupling the force H,, 
acting upon the fluid is entirely transmitted to the rock 
so that the total outward force exerted upon the rock 
per unit of bulk volume will be 


0(Ap) 
on 
Similarly, the total outward force per unit area of 
the fracture wall will be the integral of all the forces 
exerted upon the rock contained within a column of 
unit area of cross section normal to the fracture, or 


an (Ap) = Ap, 
_APo 


In order for the fracture to be held open and ex- 
tended, this outward directed force per unit area must 
be equal to o. Fhérefore, for this case 

which is exactly the same as the pressure. required to 
hold the fracture open when a non-penetrating fluid is 
used. 

In the case of radial flow away from a wellbore, the 
situation differs somewhat from that of flow away from 
a plane fracture. In the radial-flow case, a force acts 
outward whose magnitude per unit bulk volume is 

and the effect of this distributed field of force is to 
diminish the stress concentration at the face of the 
hole. This in turn reduces the excess pressure that 
otherwise would be required to produce breakdown. 
Once the fracture is started, however, the flow field 
and the stress field become those associated with a 
plane fracture given in Eq. 12. 

Therefore, the only effect of using a penetrating 
fluid is in the reduction of the breakdown pressure. 
The minimum injection pressure, for both penetrating 
and non-penetrating fluids, must be greater than the 
pre-existing normal stress across the plane of the frac- 
ture. 


ORIENTATION OF THE FRACTURES 
PRODUCED 


Returning to the earlier postulate that the fractures 
should occur along planes normal to the least principal 
stress, the minimum injection pressure should then be 
equal to the least principal stress. Considering the in- 
jection pressures and fracture orientations for various 
tectonic conditions, it follows that, in regions charac- 
terized by active normal faulting, vertical fractures 
should be formed with injection pressures less than the 
overburden pressure; whereas, in regions characterized 
by active thrust faulting, horizontal fractures should be 
formed with injection pressures equal to or greater 
than the overburden pressure. 

In the particular case of horizontal fracturing, the 
total normal stress across the plane of the fracture is 


equal to the pressure due to the total weight of the 


overburden, and therefore the minimum injection pres- ‘) 
sure, regardless of whether the fluid is penetrating or | 


non-penetrating, is also equal to the overburden pres- 
sure. It thus appears to be mechanically impossible for 
horizontal fractures to be produced with total fluid pres- 
sures less than the total overburden pressure. 

Since the great majority of fracturing operations in 
the Gulf Coast, Mid-Continent, and West Texas-New 
Mexico regions require injection pressures less than the 
overburden pressure, it is difficult to escape the conclu- 
sion that most of these fractures are vertical. Further- 
more, since the minimum pressures should be indepen- 
dent of the fluids used, there appears to be no valid 
basis for the claims that vertical vs horizontal fractur- 
ing can be controlled by variations in the penetrability 
of the fracturing fluids. In either case, it appears, the 
orientation of the fractures should be controlled by the 
pre-existing stress field of the rocks into which the fluid 
is injected. 


PREDICTED INJECTION PRESSURES 


It is interesting to estimate the actual values of the 
minimum injection pressures under conditions of incipi- 
ent normal faulting such as may exist in many parts of 
the Gulf Coast area. 

As has been pointed out (Eq. 5), the undisturbed 
effective vertical stress o, is equal to the total pressure 
of the overburden S, less the original fluid pressure p 
existing within the rocks prior to disturbances such as 
fluid withdrawals. In algebraic form 

Under conditions of incipient normal faulting, the 
least principal stress o4 will be horizontal and will have 
a value of approximately one-third the effective over- 
burden pressure o.. Therefore, 

(13) 

Since the additional fluid pressure Ap required to 
hold open and extend a fracture should be equal to the 
least principal stress, then 


However, the total injection pressure P is given by 

Therefore, 

Dividing by depth z then gives 


which is the approximate expression for the minimum 
injection pressure required per unit of depth in an area 
of incipient normal faulting. 

The value of S./z is approximately equal to 1,00 
psi/ft of depth for normal sedimentary rocks in most 
areas. Under normal hydrostatic fluid-pressure condi- 
tions, p/z is about 0.46 psi/ft of depth. Substituting 
these values into Eq. 17 gives 

P/z = 0.64 psi/ft, 
as the approximate minimum value that should be ex- 
pected in the Gulf Coast. 


Let us consider the values of P which would occur 
under conditions in which the original fluid pressure 
was other than hydrostatic. In those cases of an original 
fluid pressure less than hydrostatic, it can be seen from 
Eq. 16 that P would be correspondingly reduced. On 
the other hand, where abnormally high original fluid 
pressures prevail, P would become higher until in the 
limit, when the original pressure P approaches the 
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total overburden pressure S., P also approaches the 
total overburden pressure, and fracturing will occur at 
pressures only slightly greater than the original fluid 
pressure. 

Walker* has described an interesting example of lost 
circulation which might be explained on the basis of 
the foregoing analysis. In a Gulf Coast well drilling be- 
low 10,000 ft, the specific weight of the drilling mud, 
which was a little over 18 Ib/gal, had to be kept con- 
stant to within 0.3 lb/gal, or about 2 per cent, to pre- 
vent either lost circulation when the density was too 
high, or else “kicking” by the formation fluids when 
the density was too low. 


FIELD EVIDENCE 


Present field data derived from experience with hy- 
draulic fracturing, squeeze cementing, and lost circu- 
lation are fully consistent with the foregoing conclu- 
sions. In the Gulf Coast area Recent normal faulting 
indicates that vertical fractures should be formed with 
injection pressures less than the total overburden pres- 
sure. In the Mid-Continent and West Texas regions, 
older normal faulting, although comprising more am- 
biguous evidence, also favors vertical fracturing. 

Howard and Fast’ have summarized the pressure data 
from 161 squeeze-cementing and acidizing jobs _per- 
formed in the Gulf Coast area and the West Texas- 
New Mexico area. Also, published data by Harrison, 
Kieschnick, and McGuire,’ and by Scott, Bearden, and 
Howard,’ describe injection pressures for large sam- 
ples by hydraulic-fracturing operations in the Gulf 
Coast, Mid-Continent, and West Texas regions. With 
but few exceptions the injection pressures have been 
substantially less than the total overburden pressure 
and thus imply that vertical fractures are actually be- 
ing formed. 

In addition to the above data, the occurrence of lost 
circulation throughout the Gulf Coast area at pressure 
substantially less than that due to the weight of the 
overburden also supports the conclusion that the least 
stress should be horizontal in this area. 


On the other hand, in much of California tectonic 
compression is taking place, and in these areas hori- 
zontal fractures should occur with injection pressures 
greater than the total overburden pressure. Although 
comparatively few fracturing operations have been per- 
formed in California, extremely high pressures are re- 
quired with injection pressures commonly greater than 
the overburden pressure (Hassebroek”) . 


A phenomenon very similar to artificial formation 
fracturing but on a large scale is that of dike emplace- 
ment. It has been pointed out by Anderson™ that 
igneous dikes should be injected along planes perpen- 
dicular to the axis of least principal stress. This situa- 
tion is entirely analogous to that for artificial forma- 
tion fracturing. A striking field example of the effect 
of a regional stress pattern upon the orientation of 
igneous dikes is afforded by the Spanish Peaks igneous 
complex in Colorado. 


A map of this area is shown in Fig. 19, and a photo- 
graph of West Spanish Peak from the northwest, show- 
ing dikes cutting flat-lying Eocene strata, is presented 
in Fig. 20. H. Odé" has made a mathematical solution 
of the regional stress field which would most likely 
result from the presence of the structural features in the 
area. A comparison of the radial-dike system with the 
mathematical solution shows the dikes to be almost 
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exactly perpendicular to the trajectories of the least 
principal stress. 


EXPERIMENTAL FRACTURING 
DEMONSTRATION 


In order to verify the inferences obtained theoretically, 
a series of simple laboratory experiments has been per- 
formed. The general procedure was to produce fractures 
on a small scale by injecting a “fracturing fluid” into a 
weak elastic solid which had previously been stressed. 
Ordinary gelatin (12 per cent solution) was used for 
the solid, as it was sufficiently weak to fracture easily, 
was readily molded with a simulated wellbore, and was 
almost perfectly elastic under short-time application of 
stresses. A plaster-of-paris slurry was used as a fractur- 
ing fluid since this could be made thin enough to flow’ 
easily and could also be allowed to set and thus provide: 


"a permanent record of the fractures produced. 


It is interesting to note that, in a model experiment 
conducted in this way, the stress distributions are en- 
tirely independent of scale. Provided the material is 


elastic, similitude will exist no matter on what length 


scale the experiment is conducted. 


The experimental arrangement consisted of a 2-gal 
polyethylene bottle, with its top cut off, used as a con- 
tainer in which was placed a glass tubing assembly con- 
sisting of an inner mold and concentric outer casings. 
The container was sufficiently flexible to transmit ex- 
ternally applied stresses to the gelatin. The procedure 
was to place the glass tubing assembly in the liquid 
gelatin, and after solidification to withdraw the inner 
mold leaving a “wellbore” cased above and below an 
open-hole section. Stresses were then applied to the 
gelatin in two ways. The first, Fig. 21, was to squeeze 


the polyethylene container laterally, thereby forcing it 
into an elliptical cross section, and producing a com- 
pression in one horizontal direction and an extension 
at right angles in the other. The least principal stress 
was therefore horizontal, and vertical fractures should 
be expected in a vertical plane, as shown in Biga2ie 


In other experiments the container was wrapped with 
rubber tubing stretched in tension, Fig. 22, thus pro- 
ducing radial compression and a vertical extension. In 
this case, the least principal stress was vertical, and 
horizontal fractures could be expected, as shown in 
Fig. 223 

The plaster slurry was injected from an aspirator 
bottle to which air pressure was applied by means of 
a squeeze bulb. 


Fic. 20—PuHorocrapH or West Spanish PEAK FROM THE 
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Four experiments were performed under each of the 
two stress conditions, and in every case the fractures 
were formed perpendicular to the least principal stress. 
A vertical fracture is shown in Fig. 23 and a horizontal 
fracture in Fig. 24. 


FAVORED FRACTURE 
DIRECTION 


LEAST PRINCIPAL 
STRESS 


Fic. 21—ExprerIMENTAL ARRANGEMENT FOR Pro- 
DUCING THE LEAST Stress IN A HorIzONTAL 
DIrEcTION. 
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Fic. 22—ExprrRIMENTAL ARRANGEMENT FOR Pr, 
DUCING THE LEAST STRESS IN A VERTICAL 
DIRECTION. 
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The saucer shape of the horizontal fracture is a re- 
sult of the method of applying the stresses and re- 
quires some explanation. As the gelatin is compressed 
on all sides, it tends to be displaced vertically but is 
restrained by the walls of the container. This produces 
a shear stress causing the least principal stress to in- 
tersect the container at an angle from above. There- 
fore, when the fractures are formed normal to the least 
principal stress, they turn upward near the walls of 
the container producing the saucer shape shown in 
Fig. 24. 

A further variation in the experiment consisted in 
stratifying the gelatin by pouring and solidifying alter- 
nate strong and weak solutions. One experiment was 
performed in this way under each stress condition. The 


Mic. 23—VeERTICAL FRACTURE PRODUCED UNDER 
Stress Conpitions Intustratep in Fic. 21. 


Fic. 24—Horizontat FRActurE PRODUCED UNDER 
Stress Conpitions ILLUSTRATED IN Fic. 22. 
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vertical fracture is illustrated in Fig. 25, in which the 
weak gelatin appeared to fracture slightly more readily 
than the strong gelatin. Fig. 26 shows a horizontal frac- 
ture in stratified gelatin. In this case the fracture is not 
saucer shaped but appears to have followed a plane of 
weakness created by bubbles between two gelatin layers. 


SIGNIFICANCE OF VERTICAL FRACT URING IN 
RESERVOIR ENGINEERING 


In view of the foregoing evidence, it now appears 
fairly definite that most of the fracturing produced hy- 
draulically is vertical rather than horizontal, so it re- 
mains to mention briefly what significance this may 
have in reservoir engineering. In geologically simple 
and tectonically relaxed areas, the regional stresses 


should be fairly uniform over extensive areas so that — 


the horizontal stress trajectories in local areas should 
be nearly rectilinear. Consequently, when numerous 
wells in a single oil field are fractured, the fractures 
should be collimated by the stress field to almost the 
same strike. 


This has serious implications, as Crawford and Col- 
lins” have pointed out, with respect to the direction of 
drive and the sweep efficiency in secondary-recovery 
Operations. If the direction of drive should be parallel 
to the strike of the fractures, then the flow would be 
effectively short-circuited and the sweep efficiency would 
be very low. On the other hand, if the drive were nor- 
mal to the strike of the fractures, the flow pattern would 
approximate that between parallel line sources and 
sinks and the sweep efficiency would approach unity. 

This circumstance emphasizes the need, which is be- 
coming increasingly more urgent, for the development 
of reliable down-hole instruments by means of which 
not only the vertical extent but also the azimuth of the 
fractures can be determined. 


Since the foregoing paragraphs were written, _ these 
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theoretical inferences have been strikingly confirmed 
by the fracturing experience during waterflood opera- 
tions of North Burbank field, Okla. According to Z. Z. 
Hunter,” the initial pilot flood was based on the con- 
ventional five-spot pattern of injection and producing 
wells, but the results were anomalous. The injection 
wells were broken down at very low pressures (as low 
as one-fourth of the overburden pressure), and pro- 
ducing wells east and west of injection wells were fre- 
quently by-passed by the flood. Finally a sudden influx 
of water occurred in the isolated Stanley Stringer sand 
a mile to the east of the flood area. 

Cumulative experiences of this kind, supplemented 
by fracture observations in oriented cores, led to the 
conclusion that the fractures were essentially vertical 
and oriented east and west. This realization led to a 
change of procedure wherein line drives were insti- 
tuted from east-west rows of fractured injection wells 
to alternating rows of fractured producing wells. Greatly 
increased oil production without a corresponding in- 
crease in the water-oil ratio resulted. 

The second question to be considered concerns the 
vertical migration of fluids. It needs hardly to be men- 
tioned that vertical fractures will facilitate the vertical 
migration of fluids when the fractures intersect per- 
meability barriers. They may in this manner intercon- 
nect a number of separate reservoirs in lenticular sands 
imbedded in shales, and may in fact tap some such 
reservoirs not otherwise in communication with the 
fractured well. There is a danger, however, in case 
a reservoir is overlain by a thin permeability barrier and 
a water-bearing sand, that a vertical fracture may also 
permit the escape of the oil and gas into the barren 
sands above. 

A related question is that of the effect on water pro- 
duction of a vertical fracture which extends across the 
oil-water interface. In order to obtain an approximate 
idea of what this effect may be, consider a reservoir 
composed of a thick sand which is homogeneous and 
isotropic with respect to permeability. If production 
prior to fracturing is from an interval well above the 
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water table, the water will form a radially symmetrical 

cone, with a slope whose sine at any point is given by 

Pw Po & 

- Where p, and p, are the densities of oil and water, 

respectively, g is the acceleration of gravity, and ®, the 

potential of the oil (Hubbert””). 

The oil potential ©, at a given point is defined by 


Po 
where z is the elevation of the point with respect to 
sea level and p is the gauge pressure. Then by Darcy’s 
law the volume of fluid crossing unit area in unit time 
will be 


where k is the permeability of the sand and p the fluid 
viscosity. When this is substituted into Eq. 18, it gives. 
for the tilt of the oil-water interface 


Hence the sine of the angle of tilt is proportional to 
the rate of flow q of the oil along the interface. 

We have now only to consider the flow patterns 
about the well without and with vertical fracturing. 
Without fracturing the flow converges radially toward 
the well with a rapidly increasing flow rate and a cor- 
responding steepening of the cone. With fracturing, 
for the same rate of oil production from the well, the 
flow pattern approximates that of linear flow toward a 
vertical-plane sink. The maximum values of the flow 
velocity q for this case will be very much less than 
for the radial-fiow case. Hence, for a given rate of oil 
production, a vertical fracture across the oil-water inter- 
face in a uniform sand, instead of causing an increase 
of water production, actually should serve to reduce 
markedly the water coning and consequently to decrease 
the production of water, a result in accord with re- 
ports of field experience wherein fracturing near the 
water table has not resulted in increased water produc- 
tion. 


sinig 


CON CLUS 


In the light of the foregoing analysis of the prob- 
lem of hydraulic fracturing of wells, the following gen- 
eral conclusions appear to be warranted: 

1. The state of stress underground is not, in general, 
hydrostatic but depends upon tectonic conditions. In 
tectonically relaxed areas, characterized by normal 
faulting, the least stress will be approximately horizon- 
tal; whereas, in areas of tectonic compression, charac- 
terized by folding and thrust faulting, the least stress 
will be approximately vertical and, provided the deforma- 
tion is not too great, equal to approximately the over- 
burden pressure. 

2. Hydraulically induced fractures should be formed 
approximately perpendicular to the least principal stress. 
Therefore, in tectonically relaxed areas they should be 
vertical, while in tectonically compressed areas they 
should be horizontal. 

3. Rupture or breakdown pressures are affected by 
the values of the pre-existing regional stresses, by the 
hole geometry including any pre-existing fissures, and 
by the penetrating quality of the fluid. 

4. Minimum injection pressures depend solely upon 
the magnitude of the least principal regional stress 
and are not affected by the hole geometry or the pene- 
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trating quality of the fluid. In tectonically relaxed areas, 
the fractures should be vertical and should be formed 
with injection pressures less than the total overburden 
pressure. In tectonically compressed areas, provided the 
deformation is not too great, the fractures should be 
horizontal and should require injection pressures equal 
to or greater than the total overburden pressures, 

5. It does not appear to be mechanically possible for 
horizontal fractures to be produced in relatively un- 
deformed rocks by means of total injection pressures 
which are less than the total pressure of the overburden. 

6. In geologically simple and tectonically relaxed 
areas, not only should the fractures in a single field be 
vertical but they also should have roughly the same 
direction of strike. 

7. Vertical fractures intersecting horizontal per- 
meability barriers will facilitate the vertical flow of 
fluids. However, in the absence of such barriers, ver- 
tical fractures across the oil-water, or gas-oil, interface 
will tend to reduce the coning of water, or gas, into 
the oil section for a given rate of oil production. 
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DISCUSSION 


J. J. REYNOLDS 
H. F. COFFER 
MEMBERS AIME 


We are not in agreement with the authors’ conclu- 
sions and feel that they have made a number of sim- 
plified theoretical assumptions which they have failed 
to support. Attempts to extrapolate their type of ex- 
perimentation to reservoir conditions and to imply far- 
reaching conclusions is, to us, a serious mistake. 

We are convinced that horizontal fractures can be 
created at any depth because we have seen the re- 


sults of field experiments which indicated them. Spin-_ 
ner surveys and radioactive surveys run for the pur- 


pose of locating fractures are easier to believe than 
laboratory experiments in non-porous and non-per- 
meable gelatin. Careful analysis of 18 surveys which 
gave positive results indicated 14 horizontal and four 
vertical fractures. 


CONTINENTAL OIL CO. 
PONCA CITY, OKLA. 


The authors have stated that low breakdown pres- 
sures in the bulk of a large number of fracturing oper- 
ations imply the creation of vertical fractures. They 
have not supported this with experimental results. Our 
laboratory and field experimentations have led us to 
the opposite conclusion. In our opinion, their basic as- 
sumption of 1 lb of overburden pressure per foot of 
depth has not been supported experimentally. 


We believe that fractures may be either horizontal 
or vertical. If incipient fractures (horizontal or vertical) 
exist, any type of fluid will extend them, rather than 
change their direction. If no fractures exist, we believe 
it has been proven that horizontal fractures can be 
started at any depth by penetrating breakdown liquids. 


AUTHORS’ REPLY to J. J. REYNOLDS and H. F. COFFER 


Reynolds and Coffer query the authors’ analysis and 
conclusions on the basis of the following propositions: 
1. That horizontal fracturing at various 
depths has been demonstrated by spin- 
ner and radioactivity surveys. 
2. That the existence of an overburden 
pressure gradient of approximately 
1 Ib/in.’/ft is an unsupported assump- 
tion. a 
3. That any incipient fractures, whether 
vertical or horizontal, will be extended, 
and in the absence of such fractures 
penetrating fluids will produce horizon- 
tal fractures. 
1. The critics’ first point is based upon the assump- 
tion that spinner and radioactive surveys have reached 
a higher degree of reliability than the authors are will- 
ing to concede. The use of radioactive tracer techniques 
has recently been reviewed by G. L. Gore and L. L. 
Terry’ of Dowell Inc., who, in discussing the use of 
these techniques in attempts to determine the nature 
of the fracturing, have made the following comments: 
“Logs made following fracturing treatments have 
indicated the presence of traces of radioactive material 
remaining in the wellbore. Such residual amounts 
of radioactive tracer usually result in high gamma-ray 
readings, resulting in erroneous interpretations... . 
The fact that a minor zone may take only a small 
amount of radioactive material, yet still give a strong 
reading, is one of the greater problems in the inter- 
pretation of the surveys. Actually, a ‘cold spot’ may 
have accepted most of the fracturing materials.” 
At best, spinner surveys, radioactive tracer observa- 
tions limited to vertical freedom of motion, and elec- 
trical mud-loss instruments, can only determine with 
varying degrees of accuracy the vertical extent of the 
loss zone. A loss zone of substantial vertical extent is 
presumptive evidence of vertical fracturing; but a loss 
zone of limited vertical extent is not positive evidence 
that the fracture is horizontal. The reason for this is 
that a length of open hole is essentially “cased” by an 
annulus of stress concentration. Either in hydraulic 
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fracturing or in the loss of circulation, the fluids may 
well break out through a small local hole through this 
stressed zone and then fan out into a large vertical 
fracture outside this zone of stress concentration, just 
as the vertical experimental fractures shown in Fig. 
23 fan out behind the casing both above and below 
the open-hole section. 

The most positive evidence of vertical vs horizontal 
fracturing would be that obtainable by some kind of 
a rotating scanning device, such as that shown by Gore 
and Terry in their Fig. 7. If the fracture is horizontal, 
the loss should have little correlation with azimuth: 
whereas, if it is vertical, a strong azimuthal correlation 
should be evident as the scanning tool is rotated in 
the hole. 

2. The critics’ second point is equivalent either to a 
contention that the bulk density of water-saturated 
sediments underground is unknown or else to a chal- 
lenge of the validity of Newtonian mechanics. 

If we consider a horizontal surface at some depth z, 
then the weight of all the material—sediments and 
their contained fluids—above that surface must be 


supported by the material below. This produces across | 


such a surface a vertical normal stress of magnitude S., 
and at depths that are large as compared with the 
variations in topographic elevation, this normal stress 
will be nearly constant and will have the approximate 
value 
where Pr is the average bulk density of the overburden, 
g the acceration of gravity, and y the average specific 
weight of the overburden. The quantity S. is, by defi- 
nition, the pressure due to the weight of the overbur- 
den. 
The mean pressure gradient to the depth z is then 
obtained if we divide Eq. 1 by z: 
Hence the vertical pressure gradient is known with 
the same accuracy to which Pre or y is known. 
The value of g can be measured with great precision, 
and to a depth of 5 miles it varies by less than one 
part per 1,000. Hence, no significant error will re- 
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sult from regarding g as constant, and the pressure 
gradient will be known with approximately the accuracy 
to which the mean bulk density or mean specific weight 
of water-saturated sedimentary rocks can be determined. 

Hundreds of published values of measured densi- 
ties of sedimentary rocks are available. Table 2-6 of 
the Handbook of Physical Constants’ contains 224 en- 
tries of measured densities of water-saturated sedimen- 
tary rocks. The values range between the extremes of 
1.6 and 2.9 gm/cm’, but 77 per cent fall within the 
range 2.2 to 2.6, and the highest frequency of occur- 
rence is almost equally divided between 2.4 and 2.5. 

L. F. Athy* has reported the density measurements 
on more than 2,200 samples, mostly of Pennsylvanian 
and Permian rocks from eastern Oklahoma and parts 
of Texas. His results were given in the form of dry 
bulk densities. When these are corrected for densities 
when water saturated, the mean values show the fol- 
lowing variation with depth: 


Depth Water-Saturated Bulk Density 
(ft) (gm/cm?) 
(0) 2.26 
1,000 2.41 
2,000 2.52 
3,000 2.59 
4,000 2.62 
5,000 2.64 


Bulk densities can also be determined by the grain 
densities of the rock mineral and the porosity by means 
of the equation: 

where f is the porosity, p, the mineral density, and p, 
the density of water. 

The porosities of 4,800 core samples taken from wells 
in nine states have been published by Rall, Hamontre, 
and Taliaferro‘ of the U. S. Bureau of Mines. The mean 
porosity is approximately 15 per cent. Then, with the 
density of water taken as 1.0 and the mean mineral 
density as 2.7 gm/cm’, the mean rock density would be 

po = 0.85 x 2.7 + 0.15 = 2.44 gm/cm’. 

Densities of the Gulf Coast sediments have been de- 
termined from gravity studies of salt domes. The density 
of salt has the fixed value of 2.135 gm/cm’, and salt 
domes are formed by the buoyant rise of less dense salt 
through overlying more dense sediments. According to 
Nettleton’, gravity data give approximately the follow- 
ing variation of density with depth for the Gulf Coast 
sediments: 


Depth Density 
(ft) (gm/cm®) 

0 1.9 
400 2.0 
1,000 
2,100 2.2 
5,000 2.3 
11,000 2.4 
20,000 2.5 


Another gravimetric determination of the densities 
of sediments in place has been made by Hammer’, by 
measuring gravity at 200-ft intervals down a 2,247-ft 
vertical mine shaft near Barberton, Ohio. The mean 
density of the section, consisting of Devonian and 
Mississippian shales and sandstones, was 2.75 gm/cm’. 

These thousands of measurements are all consistent 
in indicating that the density of sedimentary rocks in- 
creases with age and depth of burial. For Tertiary 
rocks which have not been folded, the density increases 
from about 1.9 or 2.0 gm/cm‘* near the surface to about 
2.2 at a depth of about 2,000 ft and 2.4 by about 10,000 
ft. For older sedimentary rocks the mean density is close 
to 2.45. 

Converting these results to pressure gadients in 
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lb/in.’/ft, water with a density of 1.0 gm/cm* has a 
specific weight of 6.24 1b/ft*, and a vertical pressure 
gradient of 0.433 lb/in.’/ft. A density of 2.0 gm/cm* 
will produce a gradient of 0.87 lb/in.’/ft, and a density 
of 2.3 gm/cm* will produce a vertical pressure gradient 
of 1.0 lb/in.’/ft. According to the density data just 
presented, it follows that the pressure gradient in Gulf 
Coast sediments should be about 0.87 Ib/in.’/ft at shal- 
low depths, should increase to 1.0 at a depth of about 
5,000 ft and should be greater than this amount at 
greater depths. For older rocks with a mean density of 
about 2.45 gm/cm*, the mean pressure gradient should 
be about 1.06 1b/in.’/ft. 

Hence, unless the critics wish to repudiate New- 
tonian mechanics, the thousands of density determina- 
tions amply substantiate the generalization that the 
gradient of the overburden pressure in sedimentary 
rocks is to a close approximation equal to 1 Ib/in.*/ft 
of depth. 

3. The validity of the critics’ third point is largely 
dependent upon that of their second. 

It was shown in the paper that the total fluid pres- 
sure P, which must be applied in any plane fracture to 
hold its walls apart, is equal to the total normal stress 
S tending to hold the walls together, independently of 
whether the fluid does or does not penetrate the rock; 
and that the minimum pressure required is equal to the 
least principal stress. If natural fractures occur essen- 
tially normal to the least stress, the fracture fluid may 
follow these, but it is unlikely that fractures transverse 
to this preferred direction will be opened. 

In particular, in order to open up a horizontal frac- 
ture, a penetrating fluid would have to have a pressure 
great enough to lift the overburden, which, except at 
shallow depths in the Gulf Coast, would have to be a 
pressure in Ib/in.* equal approximately to the depth in 
feet. 

That a penetrating fluid cannot lift the overburden 
with a pressure less than that required for a non-pene- 
trating fluid can easily be demonstrated in the labora- 
tory. If a vertical cylinder with a horizontal screen near 
the bottom is filled to the top with sand and water, a 
hydraulic pressure P can be applied at the bottom of the 
sand by means of water. When this is done, with and 
without an impermeable membrane at the bottom of the 
sand, it will be found that the water pressure required 
to lift the sand is the same in both cases, and is pre- 
cisely equal to the total pressure exerted by the com- 
bined load of sand and water above the screen. 

Consequently, when fracturing occurs at pressures 
well below that of the overburden, it appears to be 
mechanically impossible for those fractures to be hori- 


zontal. 
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ENGR T.10.N 


Although one of the primary variables in the calcu- 
lation of the flowing bottom-hole pressure in gas wells 
from- surface measurements is the temperature at any 
point and its distribution in the flow-string, only few 
experimental data are available in the literature and 
little attention has been given to analysis of the prob- 
lem. Virtually all of the recently published methods of 
calculating flowing bottom-hole pressures depend on the 
assumption that either the temperature is constant at 
some average value or that the variation is linear with 
depth. The purposes of this work are to analyze the 
problem theoretically and to verify the analysis by com- 
parison with experimental data so that practical prob- 
lems in the analysis of the behavior of gas wells can 
be solved with greater accuracy, reliability, and ease. 


MATHEMATICAL OUTLINE OF PROBLEM 


Assuming that: 
1. The mass velocity and chemical composition of 
the gas stream are constant and in normal gas well 


Operations, the change in linear velocity in the entire 
flow-string is trivial, 

2. The product of the density and heat capacity 
of the gas is constant, 

3. No horizontal temperature gradient exists in the 
gas stream, 

4. Net flow of heat by conduction within the 
formation and in the gas stream in the vertical di- 
rection is trivial in magnitude and can be neglected, 

5. The regional vertical geothermal gradient is 
constant, and 

6. The temperature of the gas entering the bore- 
hole is constant, and equal to that of the reservoir, 


a set of two simultaneous, linear partial differential 
equations with appropriate boundary conditions was 
derived to describe the temperature distribution in the 
gas stream and the surrounding formation. These 
equations were solved by operational techniques for 
the distribution of temperature in the gas stream. 
The resulting integrals were evaluated numerically on 
an IBM 604 at the Machine Accounting Div. of the 
Railroad Commission of Texas. 


DERIVATION OF FUNCTIONS FOR THE DISTRIBUTION OF TEMPERATURE 


The physical system is a circular hole of radius a in an infinite medium with thermal conductivity K, density 
ps, and heat capacity c,. Under shut-in conditions the well is in thermal equilibrium with the surroundings and 


L 


A 
the increment in temperature is given by — 


x. Gas of density p, and heat capacity c, flows upwardly through 


this hole in the direction of increasing x with a linear velocity W. 
Writing a heat balance on an element of gas Ax in thickness, convective heat transfer + conductive heat trans- 
fer + energy required to lift a unit mass of fluid = change in energy content. 


D 


7a W p,C.T, | = | 


= Zar K Ax 
or 


Dividing by (c,p,7a°Ax) and taking the limit as Ax tends to zero, 


778c, a r 


r=a 


Ot 


= Wrap, Ax (1) 
(2) 
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If heat transfer by conduction in the x direction be neglected, the equation for the temperature of the forma- 
tion is 


or K ot 
Normalizing Eqs. 2 and 3 and letting 


Kt 2 Lip AL WE W a’ p, 
Eq. 2 becomes 
(Get 20 
and Eq. 3 becomes 


Eqs. 4 and 5 plus the following statement for the initial and boundary conditions provide a complete mathemat- 
ical description of the physical system (well and its surroundings). 


= '— 6 € when © = 0 for all values of Rand é. 
when R 1 forall values.of:O and. (8) 
limT, = for all values of © and 
R>o 


SOLUTION OF THE DIFFERENTIAL EQUATIONS 


If the Laplace Transformation of the gas temperature with respect to 0 (£,[T, (6, €;k)]) be denoted by y 


and the Laplace Transformation of the formation temperature with respect to © be denoted by w, w and y are the 
iterated transforms first with respect to © and then with respect to &; i.e., 


Taking the Laplace Transformations of Eqs. 4 and 5 with respect to © to obtain 

and 

and transforming Eqs. 14 and 15 with respect to € 

1 dw 

and 

(17) 
are obtained. 

The general solution of Eq. 17 is 

: 


From the statement of the boundary conditions (Eq. 9) the transform must be finite as R-> and conse- 
quently, 
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B 


A=0, w= 
Differentiating Eq. 19 with respect to R, and using the result in Eq. 16, 
B _ BVsK, (Vs) 


Using boundary condition (7) and Egs. 19 and 20, 


With this value of B, 


Inverting with respect to D, 


(V/s) e Ko (V8) BE 
SK. (Vs) + k Vs K, (V/s) 


the problem is reduced to finding the inverse transform of y. 
The inversion theorem for the Laplace Transformation states that 
elim 


where y is chosen so large that all of the singularities of y(z, é) lie to the left of the line y -- ia, NPs Al Ce 
In order to proceed, y is separated into three parts and 


Vi (25) 
K, (V/s) 
s SK, (Vs ) +kV/s K, (Vs ) 
§ (Vs) 
K, (v/s) (v's) 
In determining the inverse of y, : 
Since the integrand has a branch point at the origin, the C 0 aS 
integral is considered along the contour ABCDEFA (Fig. 1). 
It can be shown that the integral along BC and FA tends F E Ly), 
to zero as the radius of the large circle increases without 
bound and the integral along DE tends to zero as the radius 
of the small circle approaches zero. Inasmuch as this func- 
tion is analytic within and on the closed contour, ee A (v ee ) 


Fic. 1—Consiperation oF INTEGRAL ALONG THE 
Contour ABCDEFA. 


y+ia D F ; 
y-ia 
or i 
D 
Cc a 
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(24) 


Demat 


Along CD, putting z = u’e'” , 


2K, (ue'"") du 33 


and along EF, putting z = we” 


ene 
en Us (u) +i (WI du 


so that 


(91 | @) — + @) —kY, 


and 


_4kf (1—e*%) du 


To determine the inverse of y; 


1 yria 


az 
The integrand is analytic within and on the contour (Fig. 1). The integral can be shown to vanish along both the 
large circle and the small circle and hence 


y-ia 7 
Along CD, putting z = we", 


2 [== (w) +i 
The integral along EF is minus the conjugate of this so that 
2k 2é 
in which 
and 


Integrating Eq. 42 with respect to 6, 


Because 
= i(0 i) if = 
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2 
he! 2 
a 
a 


the complete solution for the distribution of temperature in the gas stream is 


ul(us, (u) — kJ, 


(24 
— kJ, (u 


o 


[uk f. — uw’ f,] sin 


ul(uJs, (wu) — kJ, (uy + [u ¥,(u) — 


or 


Where 
Cl. 


ul(us, (u) — kJ; + 


It should be emphasized that Eq. B-1 provides the 
difference in temperature between the reservoir and any 
point in the flow-string above it and that this difference 
is Zero at a point opposite the reservoir. The actual tem- 
perature at any point in the flow-string therefore is 


(B-4) 
ard punched card machine accounting equipment. Ten 
thousand cards were used in preparation of the curves 
(Fig. 2). The total time required for the machine com- 
putations, including sorting, reproducing, collating, cal- 
culating, and printing, was 60 hours, about 3 per cent 
of the time which manual calculations would have 
consumed. 


= 


RESULTS 


If only gas is produced through the flow string, the 
equations should be predictive and only the static geo- 
thermal gradient, the physical properties of the gas and 
the formation, the production rate, and the dimensions 
of the well are required to calculate the temperature 
distribution at any time in a flowing well. The following 
example for a hypothetical well producing dry gas 
should illustrate this point. 


EXAMPLE No. 1 (Fic. 3) 


A well produced at the rate of 5 MMcf/D of 0.65 
specific gravity gas from perforations at 3,500 ft. The 
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du 
+ Y,(u) — k 
(A) 
du 
[wu Y,@) — 
k Y,(u)}’) 
es (B) 
(B-1) 
(B-2} 
é 
(B-3) 


tubing diameter is 2% in. and static bottom-hole pres- 
sure is 1,580 psia. Bottom-hole temperature is -132°F 
and average annual surface temperature is 74°F. The 
temperature distribution in the well at the end of 4 
hours, 24 hours, and 7 days is desired. 

The curves obtained by plotting the results of the 
computations as profiles of temperature show a rapid 
increase of temperature with time for the first 24 hours, 
and a slow variation thereafter. The gradient shown for 
infinite time is not attainable physically. It should be 
emphasized that these calculations are valid only for a 


EXAMPLE 1—FORMATION AND FLUID PROPERTIES 


K = 0.000396 Pc = 669 sia 
Te = 372°R 
ps = 143 Pr = 2.362 
cv = 0.396 Tr = 1.591 
ah = 0.0166 Z = 0.841 
a = 0.1015 ft Pg = 5.58 
a? = 0.0103 ft? k = 28.5 
W = 15.9 ft/sec B= 7.58 
57° = 1.154 
TABLE 1 
01 = 17.60 Ii = .00455 
O2 = 105.60 Ih = .00826 
03 = 739.29 In = .01165 
In 
4 hours 24 hours 7 days 
1 .0597 -156 
2 .0343 .0725 121 
3 .0187 .0494 
4 -0101 .0334 -0696 
5 -00592 .0221 -0521 
é -00261 .0151 0403 
7 -00127 .00985 .0261 
8 -00054 .00644 .0207 
Tg — Tg (x = 0) = — 7.58— + (18.15) (6.43) (18.15 Ia — Ie) 
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dry gas. If liquid either condenses or vaporizes in the 
producing string, the effective heat capacity of the gas 
changes appreciably. 

The temperature distribution curve shows some cur- 
vature over the entire depth of the well. For deeper 
wells and lower flow Tates, curvature occurs only in the 
deeper portion. In the shallow region, the slope of the 
curve approaches that of the undisturbed geothermal 
gradient. 


TWO-PHASE FLOW ( GAS-LIQUID) 


When liquid accompanies the gas the heat capacity 
of the fluid flowing will be unknown and must be cal- 
culated from surface temperature measurements. A sur- 
face time-temperature curve for the chosen well pro- 


vides the necessary information. In most wells, 7, makes _ 


little contribution to the surface temperature, and the 
surface temperature is given approximately by 


2k 


Analysis of J, (Eq. B-2) shows that for most values 
of ©, k’I, is approximately a constant, Because of this 
property of the integral, a simple trial and error pro- 
cedure suffices for the evaluation of the effective specific 
heat of the gas stream. . 

The quantity T,,, — B& (surface) is the average an- 
nual surface temperature. Of the remaining terms in 
Eq. 47, 8 depends upon c, and yw is independent of c. 
To determine the effective value of c for the well, any 
point-on the measured time-temperature curve may be 
selected and calculated. Any reasonable value for & is 
assumed and k’/, determined for these values of © and 
k. This information is used with Eq. 47 which is solved 
for c, obtaining 


a \? (O) = Ty 
| I, (6) ) 


Values of 8, k, and é then can be calculated and the 
temperature distribution determined. 


EXAMPLE No. 2 (Fic. 4) 

The well is producing 4.08 MMcf/D of 0.6127 
specific gravity gas from perforations at 6,830 ft through 
2¥2-in. tubing. Bottom-hole temperature is 171°F and 
average annual surface temperature is 78°F. Flowing 
bottom-hole pressure is 2,934 psia. Formation proper- 
ties are the same as in Example 1. 

Using a first guess of 12 for k and the temperature at 
4’ hours off the experimental time-temperature curve 
(Fig. 4) the effective c is found to be 1.01. For this 
value of c, k = 6.99, 8 =12.00,¢=7 and = 

875 
1.12. The time at which the test was run (~ 17 hours 
after flow began) gives 0 = 80. 


TABLE 2 
= 0.13188 


ee 


I2 
-40772 
.27382 
-18026 
-11931 
-07768 
-05021 
-03219 
-02000 
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Fre. 3—Exampte No. 1—5 MMcr/D: 0.65 Graviry 
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BHP — 1,580 psta: BHT — 132° F. 


The calculated temperatures deviate from observed 
temperatures in this well by a maximum of 2°F. The 
average deviation is about 1°F. 


The high value of c obtained for this Well is due to 
condensation of tiquid in the tubing and the resultant 
liberation of latent heat. 


CONCLUSIONS 


Based upon the available experimental information, 
the equations derived in this Paper adequately describe 
the distribution of temperature in a flowing gas well. 
For wells producing dry gas (zero natural gasoline 
content), they are truly predictive, and for wells pro- 
ducing some entrained and condensed liquid, deter- 
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mination of an effective specific heat from surface meas- 
urements results in close approximation to the actual 
distribution of temperatures. The temperature profile 
in the gas stream changes rapidly only during the first 
day of production; for practical purposes, stabilization 
is attained within a day. 

The use of linear approximation for the actual dis- 
tribution of temperature introduces a maximum error 
of about 4°F for short producing times, and the error 
grows slowly with time. The magnitude of the effect of 
this error in temperature on the accuracy of bottom- 
hole pressure calculations is not known, but should be 
small. 
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NOMENCLATURE 


a = Radius of hole (tubing or casing) through 
which gas flows 
c, = Heat capacity of the formation 
Cc, = Heat capacity of the gas 
f, fz = Combination of Bessel functions 
b= 
k = Ratio of volumetric specific heats 
p — Transform parameter with respect to space 
variable 
r = Radius variable, dimensional 
s = Transform parameter with respect to time 
variable 
t = Time, dimensional 
u = Variable of integration 
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Distance above producing horizon, dimen- 
sional 


Il 


w, w = Transformed dependent variables 
1, = Bessel function of the first kind, imaginary 
argument, zero order 
1, = First flowing temperature distribution integral 
= Second flowing temperature distribution in- 
tegral 


J, = Bessel function of the first kind, zero order 
J, = Bessel function of the first kind, first order 
K, = Bessel function of the second kind, imaginary 
argument, zero order 
K, = Bessel function of the second kind, imaginary 
argument, first order 
K = Thermal conductivity of the formation 
£ = Laplace transformation 
R = Radius variable, dimensionless 
T, = Temperature of the gas-reservoir temperature 
T,: = Temperature of the gas, actual 
T, = Temperature of the formation 
= = Geothermal gradient 
W = Linear velocity of gas 
Y, = Bessel function of the second kind, zero order 
Y; = Bessel function of the second kind, first order 
z = Complex variable 
8 = Geothermal gradient, dimensionless 
p. = Density of the formation 
p, = Density of the gas 


& = Vertical space variable, dimensionless 
© = Time variable, dimensionless 
uw. = Gradient due to vertical work, dimensionless 
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Emulsions for Use as Non-plugging Perforating Fluids 


JUNIOR MEMBER AIME 


ABSTRACT 


The production of oil and gas 
from wells is often seriously hin- 
dered by the compaction of solids in 


the perforations during the perforat- — 


ing process. To realize the full pro- 
ductive capacity of a well, it is nec- 
essary either to remove the plugging 
material from the perforations or to 
perforate in a manner which does 
not cause plugging of the perfora- 
tions. The latter method can be ac- 
complished by having a non-plugging 
fluid in the casing at the time the 
well is perforated. This paper de- 
scribes the results of laboratory tests, 
perforating tests, and experimental 
field tests which demonstrate that 
certain emulsions serve effectively as 
non-plugging perforating fluids. 

The principal components of these 
emulsions are two liquids: an aque- 
ous phase consisting of a solution of 
either sodium chloride or calcium 
chloride, and an oil phase consisting 
of diesel oil, tetrachloroethylene, or a 
combination of both. Small amounts 
of other agents which serve to sta- 
bilize the emulsions, to reduce the 
fluid loss, and to inhibit corrosion 
are also present. 

The density of the emulsions is 
controllable within the range of 7.5 
to 12.5 lb/gal; no insoluble solids are 
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present, the filtration rate is low, and 
the thermal stability is satisfactory at 
temperatures as high as 200°F. The 
corrosion of steel by these emulsions 
is negligible. 

Tests conducted under conditions 
which simulate the temperature and 
the pressure in an actual well dem- 
onstrate that these emulsions fulfill 
the requirements of a non-plugging 
perforating fluid. In addition, lim- 
ited field experience furnishes evi- 
dence that these-emulsions remain in 
position after they are spotted, that 
they are retained in the casing after 
the perforations are made, and that 
they are easily removed from the 
perforations when the well is opened 
for production. 

When the pressure in the borehole 
is greater than the formation pres- 
sure at the time a well is perforated, 
plugging of the perforations can be 
avoided by spotting an emulsion ad- 
jacent the interval to be perforated. 
This procedure should eliminate low 
well productivity caused by plugging 
the perforations. 


INTRODUCTION 


NATURE OF PROBLEM 

The most widely used method for 
the completion of oil and gas wells 
is to set and cement casing through 
productive horizons, and then to ob- 
tain production by gun-perforating 
the section of casing opposite the 
desired interval. This method is gen- 
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erally successful and it was thought 
at one time that those failures which 
did occur were due to insufficient 
penetration by the perforator. De- 
spite recent improvements in perfo- 
rators which assure ample penetra- 
tion, unsatisfactory fluid production 
continues to be a problem. Evidently, 
the trouble comes from some other 
source. 

Recent results obtained by Allen 
and Worzel’ demonstrated that low 
fluid productivity may be caused by 
the perforating process and/or by 
the fluid in the wellbore at the time 
of shooting. They found that perfo- 
rations are often completely plugged 
by debris from the perforator, pul- 
verized sand from the formation, 
and compacted solids from the drill- 
ing mud when the pressure in the 
wellbore is greater than the pressure 
in the formation at the time of per- 
foration. In some cases a differential 
pressure in excess of 400 psi was 
required to initiate flow into the well 
through these plugged perforations. 

The plugging of perforations by 
solids not only causes low productiv- 
ity from wells, but it creates simul- 
taneously other problems in the pro- 
duction of oil and gas. For example, 
when most of the perforations are 
plugged, high rates of flow must 
occur through the few perforations 
that are open. The resulting high 
pressure drop may cause production 


1References given at end of paper. 
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of sand trom unconsolidated forma- 
tions. Furthermore, either high gas- 
oil ratio or excessive water produc- 
tion may occur prematurely if the 
open perforations are either near a 
gas-oil contact or near a water-oil 
contact. In addition, squeeze cement- 
ing failures may occur in the perfo- 
rated interval because the cement 
does not enter the mud-plugged per- 
forations. 


This plugging can be eliminated 
by placing a non-plugging fluid’ in 
the casing opposite the interval to be 
perforated before the perforations 
are made. A satisfactory fluid for 
this use must have a low filtration 
rate to prevent its loss into the for- 
mation after the perforations are 
made, and an extremely low content 
of suspended solids to prevent the 
plugging of the perforations with a 
compacted mass. In order to be able 
to use a minimum volume of the 
fluid, it is desirable to spot the fluid 
in the wellbore. To facilitate easy 
and positive placement, a density 
slightly greater than that of the cir- 
culating fluid is needed. Because dif- 
ferent densities are required in drill- 
ing muds and workover fluids, a per- 
forating fluid of selective density is 
desirable. 

Solutions of inorganic salts, e.g., 
sodium chloride and calcium chlo- 
ride, have been used to control for- 
mation pressures. These fluids are 
free of suspended solids and their 
densities can be adjusted by varying 
the concentration of the salt; how- 
ever, they unfortunately have high 
rates of fluid loss to permeable for- 
mations. One way of reducing the 
high fluid loss of aqueous solutions 
is to mix them intimately with an 
immiscible liquid, such as diesel oil, 
to form an emulsion.’ A brief review 
of certain principles of emulsion 
chemistry may be helpful in illus- 
trating how the property of low fluid 
loss is obtained. 


EMULSION FORMATION 
AND STABILITY 

The principal components of an 
emulsion are two immiscible liquids, 
e.g., Oil and water. One liquid is 
dispersed into the other liquid to 
form either an oil-in-water or water- 
in-oil emulsion. If the oil is in the 
form of discontinuous droplets dis- 
persed in the continuous water phase, 
the emulsion is an oil-in-water type. 
If the water is dispersed in the oil, 
the emulsion is a water-in-oil type. 
Many of the principles pertaining to 
one type of emulsion are applicable 
to the other; therefore, only certain 
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concepts related to oil-in-water emul- 
sions are reviewed. 

An emulsion may be formed by 
shaking oil and water together; how- 
ever, if the emulsion is to be stable 
an emulsifying agent must be pres- 
ent. Its principal functions are to 
aid in the dispersion of the oil into 
the water and to prevent the coales- 
cence of the oil droplets. An emul- 
sion prepared with a suitable emulsi- 
fying agent may remain stable for 
several days or even months. The 
fluid loss of the emulsion may be 
high, however, because the oil drop- 
lets are easily deformed and readily 
forced through a permeable medium. 


To reduce the fluid loss of the 
emulsion, materials may be added to 
form a protective film at the oil- 
water interface. These materials, 
called film-strengthening agents, en- 
velop each oil droplet with a tough 
film which prevents the droplet from 
filtering through a permeable medi- 
um. The collection of the oil drop- 
lets at the surface of the permeable 
medium restricts the flow of the 
aqueous phase, and, in this manner, 
the property of low fluid loss is im- 
parted to the emulsion. 


PRESENT INVESTIGATION 


In the present investigation, an 
effort was made to develop suitable 
emulsions for use as non-plugging 
perforating fluids. Both types of 
emulsions were prepared utilizing 
the principles reviewed above. The 
preparation of these emulsions, their 
testing under simulated well perfo- 
rating conditions, and their use in 
field wells are discussed in the pres- 
ent paper. 


LABORATORY DEVELOPMENT 
OF EMULSION COMPOSITIONS 


COMPOSITIONS INVESTIGATED 


Laboratory tests were made on 
both oil-in-water and water-in-oil 
emulsions. In these tests the emul- 
sions were prepared with solutions 
of either sodium chloride or calcium 
chloride as the aqueous phase and 
with diesel oil, carbon tetrachloride, 
tetrachloroethylene, or mixtures of 
diesel oil and either carbon tetra- 
chloride or tetrachloroethylene as 
the oil phase. The concentration of 
the inorganic salt in the water phase, 
the concentration of either the car- 
bon tetrachloride or the tetrachloro- 
ethylene in the oil phase, and the 
relative volume of the oil phase to 
the aqueous phase determined the 
density of the emulsion. 


To find suitable agents for stabil- 
izing the aqueous and oil phases sev- 


eral different emulsifiers were tested. 
From these the following were se- 
lected for more extensive testing: 
(1) a sorbitan monooleate, (2) a 
sorbitan sesquioleate, (3) a polyoxy- 
ethylene sorbitan monostearate, (4) 
a polyoxyethylene sorbitol ester of 
mixed fatty and rosin acids, and (5) 
a sodium lignosulfonate. 

To reduce the fluid loss of the 
emulsions, a large number of agents 
that might strengthen the film at the 
water-oil interface were investigated, 
but only the six most promising were 
tested in detail. These materials 
were: (1) a sulfonated polystyrene, 
(2) a sulfonated phenol-formalde- 
hyde polymer, (3) a butylene-maleic 
acid copolymer, (4) a polyacrylate, 
(5) a sodium lignosulfonate, and 
(6) a sodium carboxymethylcellu- 
lose. 

A corrosion inhibitor, sodium 
chromate, was used in some of the 
emulsions. 


PREPARATION AND TESTING 


To prepare the emulsions, each 
component was incorporated into 
either the oil phase or the water 
phase before the two phases were 
mixed. The water phase was pre- 
pared by mixing the film-strengthen- 
ing agent with the water before 
either the sodium chloride or the cal- 
cium chloride was added. When cal- 
cium chloride was used as a water 
soluble weighting agent, the resultant 
solution was always cooled to room 
temperature before the emulsifying 
agent was added. The oil phase was 
prepared by blending the proper oils 
to obtain the density desired. 

The emulsion was then obtained 
by mixing the oil and the water 
phases in a high-speed Waring 
blendor. During the mixing the inter- 
nal phase was added slowly to the 
external phase. 


The emulsions were tested for 
their fluid loss and density, and, in 
addition, a selected group was tested 
for corrosiveness and thermal sta- 
bility. The fluid loss of each emul- 
sion was measured in a standard API 
filtration assembly, and the density 
was determined with a conventional 
mud balance. The corrosivity of the 
emulsions was tested by determining 
the rate of attack of the emulsions 
on a mild carbon steel coupon. In 
the thermal stability test, the emul- 
sion, contained inside a stainless steel 
cylinder, was placed in a constant 
temperature oven maintained at 
190°F. After a given time, it was re- 
moved and allowed to cool to room 
temperature. The sample was trans- 
ferred into a standard API filter as- 
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sembly, and its filtration rate was 
Measured at a temperature of ap- 
proximately 80°F, Also, the filtration 
Property of several emulsions was 
determined at temperatures above 
80°F using a Baroid high-tempera- 
ture filtration assembly. Since the 
area of the Baroid high-temperature 
filter cell is one-half that of a stand- 
ard API filter cell, the result ob- 
tained was doubled to make the 
Tecorded data directly comparable 
with that obtained using a standard 
API filtration assembly. 


RESULTS 


The composition, the density, and 
the filtration property of several 
emulsions prepared with sodium 
chloride and calcium chloride as sol- 
uble weighting agents are presented 
in Tables 1 and 2. The results of 
these tests are summarized in the 
following discussion. 


SODIUM CHLORIDE AS THE 
WEIGHTING AGENT 


The data in Table 1 show that 
emulsions having an API fluid loss 
of 0.5 to 6.2 ml at room tempera- 
ture were obtained with sodium chlo- 
ride solutions as the aqueous phase 
and with diesel oil, carbon tetrachlo- 
ride, or a combination of both as the 
oil phase. The emulsions were stable 
for 24 hours or longer at 190 to 
200°F, but the filtration rate in- 
creased appreciably for each emul- 
sion tested except one containing a 
sulfonated phenol-formaldehyde 
polymer. 

These emulsions contained no in- 
soluble solids and had densities of 
7.6 to 11.6 lb/gal. 

A sodium lignosulfonate was an 
effective emulsifier in the oil-in-water 
emulsion; a sorbitan monooleate and 


a sorbitan sesquioleate were effec- 
tive emulsifiers in the water-in-oil 
emulsions. 


A sodium lignosulfonate served ef- 
fectively as both an emulsifier and a 
film-strengthening agent in the oil-in- 
water emulsions. A sodium carboxy- 
methylcellulose, a sulfonated poly- 
styrene, and a sulfonated phenol- 
formaldehyde polymer were effective 
film-strengthening agents in the 
water-in-oil emulsions. 


CALCIUM CHLORIDE AS THE 
WEIGHTING AGENT 


The data in Table 2 show that 
emulsions having an API fluid loss 
of 0.8 to 9.0 ml at room temperature 
were obtained with calcium chloride 
solutions as the aqueous phase and 
with diesel oil, carbon tetrachloride, 
tetrachloroethylene, or mixtures of 
diesel oil and either carbon tetrachlo- 
ride or tetrachloroethylene as the oil 
phase. The emulsions retained their 
low filtration property at 185 to 
200°F, but they were unstable at 
240°R 


The density of these emulsions 
ranged from 7.5 to 12.5 Ib/gal. No 
insoluble solids were present. 


A polyoxyethylene sorbitan mono- 
Stearate and a polyoxyethylene sor- 
bitol ester of mixed fatty and rosin 
acids were effective emulsifiers in the 
oil-in-water emulsions; a _ sorbitan 
monooleate and a sorbitan sesqui- 
oleate were effective emulsifiers in 
the water-in-oil emulsions. 

A sodium lignosulfonate, a poly- 
acrylate, a sulfonated polystyrene, 
and a butylene-maleic acid copoly- 
mer were effective film-strengthening 
agents in the oil-in-water emulsions; 
a sulfonated phenol-formaldehyde 
polymer, a polyacrylate, a sulfonated 


polystyrene and a butylene-maleic 
acid copolymer were effective film- 
strengthening agents in the water-in- 
oil emulsions. 

The emulsions prepared with tet- 
rachloroethylene were less corrosive 
than those prepared with carbon. tet- 
rachloride. The corrosion rate of 
steel by the emulsions prepared with 
tetrachloroethylene and containing a 
small amount of a corrosion inhib- 
itor, sodium chromate, was neg- 
ligible. 


SUMMARY OF LABORATORY TESTS 


The results of the laboratory tests 
show that low-fluid-loss emulsions 
having a controllable density and 
containing no insoluble solids can be 
made with either sodium chloride or 
calcium chloride as the water soluble 
weighting agent. The corrosivity of 

_these emulsions is negligible if the oil 
phase is diesel oil, tetrachloroethy- 
lene, or a mixture of the two, and 
the aqueous phase contains sodium 
chromate as a corrosion inhibitor. 


PERFORATING TESTS 


PROCEDURE 


Several emulsions were tested un- 
der perforating conditions existing 
in an actual well. In this test, a sin- 
gle perforation was made into a test 
target surrounded by the perforating 
fluid under a pressure of 2,000 psi at 
a temperature of 180°F. The flow 
characteristics of the resulting perfo- 
ration were then tested. After the 
target was removed from the pres- 
sure chamber, it was sawed into 
halves and the condition of the per- 
foration was observed. Pertinent de- 
tails of the perforating procedure are 
presented below. 

The target assembly consisted of a 
3¥%-in. OD by 10-in. Berea sand- 


TABLE 1—COMPOSITION AND PROPERTIES OF EMULSIONS PREPARED WITH SODIUM CHLORIDE AS THE SOLUBLE WEIGHTING AGENT 


Properties of Emulsion 


Composition of Emulsion API Fluid Loss 
Composition of Aqueous Phase Oil Phase Emulsifier At Room At Elevated 
Film-strengthening Agent Temperature Temperature” 
= c = c 
= 80 N 00 26 Diesel Oil 20 Sodium lignosulfonate 5.0 9.3 2.4 6.u 
: Ver 80 Hous 00 26 Diesel Oil 20 Sodium lignosulfonate 5.0 9.3 4.0 200 156 : 
2 Wome 0 hers 00 26 Diesel Oil 20 Sodium lignosulfonate 5.0 9.3 5.0 230 Highe 
Rone 00 26 Diesel Oil 28 Sodium lignosulfonate 8.0 9.1 
55 Nore 00 26 Diesel Oi! 45 Sodium lignosulfonate 4.0 8.5 6.2 
peewee 40 None 00 26 Diesel Oil 60 Sodium lignosulfonate 5.0 8.3 5.8 
ia 0 No: ne 0.0 5 Diesel Oil 70 Sodium lignosulfonate 10.0 7.6 4.6 
Nees 0.0 26 CCla 17 Sodium lignosulfonate 8.0 10.3 2.5 
Wels, Nene 0.0 26 CCi4 33. Sodium lignosulfonate 
i i bitan monooleate 
i i thy! cellulose 2.0 5 Diesel Oil 20 Sor i 
CH 50 2.0 26 Diesel Oil 20 Sorbitan monooleate 5.0 
il 12.5 Sorbitan sesquioleate 10.0 10.0 1.0 i 
14 Oil 75 Sulfonated phenol-formaldehyde polymer 6.7 26 
15 Oil 75 Sulfonated polystryene 1.0 26 Diesel Oil 25 Sorbitan sesquioleate 


i i then cooled to room temperature and tested. 
d in a closed cylinder at 190°F for 24 hours or longer, h . 
b, elec ee high-temperature filter press; result doubled to convert it to regular API basis. 
c. Emulsion was unstable; the oil and aqueous phases separated. 
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stone core cemented inside a steel 
target case. The target case was con- 
structed from 41%4-in. OD, 16.6-lb/ft 
drill pipe. It was threaded at one end 
to hold a high-pressure cap, and a 
¥e-in. mild steel plate to represent 
well casing was welded on the other 
end. The emulsion, the target, and 
the gun perforator were placed inside 
a test chamber and heated to 180°F. 
The target was perforated while a 
pressure of 2,000 psi was maintained 
inside the chamber and a pressure of 
1,500 psi was maintained inside the 
target. To simulate filtration condi- 
tions encountered in a well, this pres- 
sure differential of 500 psi between 
the chamber and the target was 
maintained for several hours after 
the perforation was made. After this 
filtration period was completed, the 
chamber pressure was reduced below 
the target pressure to simulate the 
“bringing in” of a well. During this 
time, the pressures were noted care- 


ferential required to initiate flow 
through the perforation. Finally the 
flow rate at several higher pressure 
differentials was taken. The entire 
test procedure with illustrations was 
described in more detail in previous 
publications.”* 


RESULTS 

A schematic, cross-sectional view 
of a typical perforation is shown in 
Fig. 1, and the tabulated data on the 
perforating tests are presented in Ta- 
ble 3. 

The perforations were free of ob- 
structions, and usually they were 
almost completely devoid of debris. 
In no case was emulsion found in 
the perforation. 

The data in Table 3 show that 
after the target was perforated, the 
rate of filtration into the core ranged 
from below 20 to about 120 ml in 24 
hours. After the filtration period 
was completed, the pressure differen- 
tial required to initiate back flow 


through the test target was less than 
3 psi. The flow index, which is an 
indication of the flow rate through 
the perforation into the wellbore, was 
highest for tests conducted with the 
oil-in-water emulsions containing cal- 
cium chloride. 

These results indicate the emul- 
sions are suitable for use as a non- 
plugging perforating fluid. The rate 
of fluid loss is less than 1 qt during 
the first 24 hr/ft of interval per- 
forated with six shots. The emulsions 
are easily removed from the perfo- 
rations after the filtration period, and 
the permeability of the core remains 
high. These facts indicate that perfo- 
rating in a non-plugging fluid averts 
low well productivity caused by 
plugged perforations. 


EXPERIMENTAL FIELD USE 


In order to appraise more fully 
the utility of these emulsions as a 
perforating fluid and to ascertain the 


fully to determine the pressure dif- 


TABLE 2—COMPOSITION AND PROPERTIES OF EMULSIONS PREPARED WITH CALCIUM CHLORIDE AS THE SOLUBLE WEIGHTING AGENT 
Composition. of Emulsion Properties of Emulsion 


Composition of Aqueous Phase Oil Phase Emulsifier API Fluid Loss 
2 ‘ At Room At Elevated 
Film-strengthening Agent Temperature Temperature? 
$ £ £ 
So Identity Of Identity 28S Identity Suc G2 * 
1 Water 50 None 0.0 3 Diese! Oil 50  Sodivin lignosulfonate 10:05 230) 
2 Water 75 None 0.0 3 Diesel Oil 25 Sodium lignosulfonate 6:7 8:0 ~5.0 
3 Water 75 None 0.0 40 Diese! Oil 25- Sodium lignosulfonate 5.0 10.0 High¢ 
4 Water 75 None 0.0 40 Diesel Oil 25  Polyoxyethylene sorbitan monosterate 1.3 10.0 High 
5 Water 75 Polyacrylate 1.0 40 Diesel Oil 25 Polyoxyethylene sorbitan monosterate 1.0 10.0 9.0 19.8 
6 Water 75 Sulfonated polystyrene 10 40 Diesel Oi! 25 Polyoxyethylene sorbitan monosterate 1.0 10.0 0.8 1.0 
7 Water 75 Butylene-maleic acid copolymer 1.0 40 Diesel Oil 25 Polyoxyethylene sorbitan monosterate 1.0 100 3.8 8.8 
8 Water 75 Sodium lignosulfonate 0.5 40 Diese! Oil 25 Polyoxyethylene sorbitan monosterate 1.0 10.0 3.0 5.0 
9 Water 75 Sodium lignosulfonate 0.5 40 Oil Polyoxyethylene sorbitan monosterate 5:6 
4 
10 Water 75 Sedium lig lfonat: 0.5 40 Diesel Oil 25 Polyoxyethylene sorbit nosterat: i 
11 Water 75 Sodium lignosulfonate 0.5 40 Diesel Oi! 25 Polyoxyethylene sarbitel eiter of mised : 
fatty and resin acids 
12 Water 75 Sodium lignosulfonate -5 40 Diesel Oil 25  Polyoxyethylene serbitol ester of mixed 
fatty and resin acids 120,510: = 
12. Water 75 Sodium lignosulfonate 5 40 Diesel Oi! 25  Polyoxyethylene ester of mixed 
3 E fatty and resin acid et 4 
14. Water 60 Sodium lignosulfonate 0.5 40 Diesel Oil 40 sorbitol ester of mixed 
fatty and resin acid 
15 Water 50 Sodium lignosulfonate 0.5 40 Diesel Oi! 50 Polyoxyethylene ester of mixed 
i fatty and resin acid i 
14. Water 40 Sodium lignosulfonate 0.5 40 Diesel Oi! 60 sorbitol ester of mixed 
fatty and resin acid: 
17 Water 50 Sodium lignosulfonate 0.5 40 Diesel Oil 37.5 ester of mixed 
fatty and resin acids 10.0)" 240 High¢ 
18 Water 50 Sodium lignosulfonate 0.5 40 Diesel Oil 25 Polyoxyethylene sorbitol ester of mixed 
fatty and resin acids 2:05 10 240 High¢ 
19 Water 50 Sodium lignosulfonate 0:5 40° CCk 50 Polyoxyethylene sorbitol ester of mixed 
fatty and resin acid i 
204 Water 50 Sodium lignosulfonate 0.5 40 Diesel Oil 37.5 sorbitol ester of mixed 
fatty and resin acids 
21 Water 50 Sodium lignosulfonate 0.5 40 Diese! Oii 25  Polyoxyethylene sorbitol ester of mixed 
fatty and resin acids 2.0 10.8 4.0 180 . 24.4 
25 240 High¢ 
22 Water 50 Sod lignosulfonat 0.5 40 CC 50  Polyoxyethylene sorbitol ester of mixed 
fatty and resin acids 2.0 10.8 4.0 180 18.4 
23 Oil 75 Polyacrylate 1.0 40 Diese! Oil 25 Sorbiten monool 240 Highs 
eate 
24 Oil 75 Sulfonated polystyrene 1.0 40 Diesel Oil 25 Sorbitan monooleate 20 10:0 
25 Oi! 75 Butylene-maleic acid copolymer 1.0 40 Diesel Oil 25  Sorbitan monooleate 5.0 10.0 1.6 4 
26 Oil 75 Sulfonated phenol-formaidehyde polymer 1.7 40 Diesel Oil 25  Sorbitan monooleate 10.0 10.0 1.0 2 
27 «Oil 75 Sulfonated phenol-formaldehyde polymer 0.5 40 Diese! Oil 25  Sorbitan sesquioleate 5.0 10.0 5.0 a 
28 see 75 Sulfonated phenol-formadelhyde polymer 5.0 40 Diesel Oil 25  Sorbitan sesquioleate 5.0 10.0 2.0 5.0 240 High¢ 
a. Sample aged in a closed cylinder at 190°F for 24 hours or longer and then cooled ¢ ; 
b. Tested in a Baroid high-temperature filter press; result doubled to convert it to fegile API Steers 
was ; the oil and aqueous phases separated. 
. Sedium chromate (0.5 gm/100 ml aqueous phase) added to inhibit Corrosion; corrosion rate of 180°F was 0.0006 in./yr. 
180 
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OF A TyPicaL PERFORATED TARGET. 


problems related to their use, field 
trials were made wherein the emul- 
sions were spotted to cover the inter- 
val to be perforated. Four jobs have 
been done using emulsions whose 
compositions were similar to sam- 
ples numbered 14, 20, and 21 in Ta- 
ble 2. A saturated solution of cal- 
cium chloride weighing 11.6 lb/gal 
was used as the external, aqueous 
phase of the emulsions. To obtain 
the desired emulsion densities of 9.6, 
10.0, and 10.8 1b/gal, the densities 
of the oil phases were adjusted. The 
9.6-lb/gal emulsion contained 60 per 
cent by volume aqueous phase and 
40 per cent by volume oil phase. 
The emulsions having densities of 
10.0 and 10.8 1b/gal contained 50 
per cent by volume aqueous phase 
and 50 per cent by volume oil phase. 
A polyoxyethylene sorbitol ester of 
mixed fatty and rosin acids was the 
primary emulsifier, and a sodium 
lignosulfonate was used as a coemul- 
sifier and film-strengthening agent. 

Pertinent data on each field test 
are presented separately with a brief 
discussion of the results of each job. 
A summary of the field results fol- 
lows the descriptions of the individ- 
ual field tests. 


FIELD Jos No. 1 

The objective of a workover job on 
a well in Southwest Texas was to 
exclude the production of water 
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TABLE 3—RESULTS OF PERFORATING TESTS 


(Conducted under conditions existing in an actual well) 


Properties of Emulsion 


Perforating Data 


Reference Fluid Loss Apparent Core 
Composition Into Perforation Permeability® 
Weighting External 
Test ‘ Agent Phase of Density, Sample Volume, Time, Original rating, Flow 
No in Water Emulsion Ib/gal Table No. ml r m md Index® 
1 NaCl Water 9:3 1 1 66.7 4.5 240 187 
2 NaCl Water 9.3 1 1 15.8 4.2 190 125 0 06 
3 NaCl Oil 9.1 1 13 16.9 24.0 215 154 0.72 
4 CaCle Water 10.0 2 8 111.0 22.0 180 146 0.81 
5 CaCle Water 11.3 2 9 940 23.0 230 241 1.05 
6b CaCle Water 10.0 2 17 69.0 21-5 188 176 0.94 
7 CaCle Oil 10.0 22 27 26.0 25.0 160 113 0.71 


a For details of the method for obtaining permeability and flow index, see Allen and Worzel.1 
b Perforated with a bullet gun; all other tests perforated with a fet gun. 


through the existing perforations and 
to re-complete the well in two upper 
zones for gas production. 

After cement was squeezed into 
the existing perforations between 
7,024 and 7,036 ft, the tubing was 
lifted from the cement retainer at 
6,988 ft and raised to 6,915 ft. With 


10.6-lb/gal mud in the well, 14 bbl — 


of 10.8-lb/gal emulsion were spotted 
in the 5%-in. casing from about 
6,315 to about 6,915 ft. The interval 
from 6,790 to 6,805 ft was perfo- 
rated with four shots per foot using 


a casing-jet gun. After a packer was 


set at 6,650 ft, the interval from 
6,594 to 6,608 ft was perforated 
with four shots per foot using a cas- : 
ing-jet gun, and then the completion 
assembly was lowered into place. 

After the drilling mud in the tub- 
ing and the annulus above the cir- 
culating ports at 6,545 ft was dis- 
placed with fresh water, the well 
began to produce gas. The lower 
zone was potentialed at the rate of 
36 MMcf of gas per day on an open- 
flow potential test, and the upper 
zone was potentialed at the rate of 
7 MMcf/D. 

The results obtained by the use of 
the emulsion were satisfactory in this 
well which had a formation tempera- 
ture of approximately 175°F at a 
depth of 6,800 ft. The potential of 
36 MMcf/D was higher than that 
usually obtained from this zone. 
The perforating gun and other tools 
passed through the emulsion without 
difficulty. The fluid level in the well 
did not change perceptibly after the 
casing was perforated. This indi- 
cated that the emulsion was stable 
and had a low fluid loss after the 
well was perforated. 


FIELD Jos No. 2 

The objective of a workover job 
on a well in East Texas was to re- 
duce the high gas-oil ratio and to 
increase the oil production by set- 
ting a packer below the existing per- 
forations at 4,596 to 4,602 ft and 
recompleting the well in a lower 
interval. 


With a 9.9-Ib/gal mud in the well 
and tubing hanging at 4,676 ft, 5 bbl 
of 10.0 Ib/gal emulsion were spot- 
ted in the 5%4-in. casing from about 
4,471 to about 4,676 ft. A neutron 
log was run, and then the interval 
from 4,634 to 4,642 ft was perfo- 
rated with four shots per foot using 
a casing-jet perforator. 


After a packer was set at 4,610 ft, 
communication was found to exist 
between the new and the old inter- 
vals. Since contamination with the 
emulsion would cause cement to 
flash-set, the emulsion was circu- 
lated from the well prior to cement- 
ing the old interval. To block the 
communication outside the casing, 
two remedial squeeze-cementing jobs 
through the old perforations were 


necessary. After the well was 


swabbed, production was established 
from the lower perforation at a depth 
of 4,634 to 4,642 ft without reperfo- 
rating the well. On a potential test, 
the well flowed at the rate of 207 
BOPD through a %4-in. choke with a 
tubing pressure of 190 psi. The gas- 
oil ratio was 236 cu ft/bbl. 

The presence of a channel between 
the old and the new perforations in 
this well precluded a direct evalua- 
tion of the effect of the emulsion on 
the productivity of the new interval. 
It was possible, however, to gather 
certain valuable information from 
this job. The fluid level in the well 
did not drop appreciably after the 
perforations were made. This indi- 
cated that the emulsion retained its 
stability and low fluid loss at the 
well temperature of approximately 
170°F. The satisfactory production 
obtained without reperforating after 
the squeeze jobs suggested that the 
emulsion remained in the perfora- 
tions during the cementing opera- 
tions and was dislodged only when 
the well was swabbed. The logging 
instrument and the perforating gun 
passed through the emulsion without 
difficulty, but the packer assembly 
was slowed as it was lowered into 
the emulsion-mud interface. This 
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was caused apparently by the mixing 
of the emulsion with the fresh-water 
mud to produce a thickened mass. 
This contamination of the mud 
was noted when the emulsion was 
removed from the well by reverse 
circulation; however, it was easily 
removed by treatment with a small 
amount of sodium hexametaphos- 
phate. 


FIELD JoB No. 3 


The objective of the workover job 
on a well in Southeast Texas was to 
exclude the production of water from 
the existing perforations and to re- 
complete the well in an upper zone. 

A plugback-squeeze job was per- 
formed against the existing perfora- 
tions at 5,176 to 5,184 ft with a 
cement retainer set at 5,150 ft. With 
9.5-lb/gal mud in the well, 31% bbl 
of 9.6-lb/gal emulsion were spotted 
in the 5-in. casing from about 4,915 
to about 5,100 ft. The interval from 
5,070 to 5,082 ft was perforated 
with six shots per foot using a casing- 
bullet gun, and the tubing equipped 
with a packer was set at 5,000 ft. 

When the well was circulated with 
fresh water through ports above the 
packer, it produced without swab- 
bing. The well flowed at the rate of 
503 BOPD through a %4-in. choke 

vith a surface pressure of 600 psi. 

The placement of the emulsion 
was satisfactory, and the results ob- 
iained by its use were outstandingly 
successful in this well which had a 
formation temperature of 147°F at 
a depth of 5,100 ft. In comparison 
with the potential test of 503 BOPD 
from the 12-ft perforated interval in 
the test well, two offset wells pro- 
duced at the rate of 414 and 344 
BOPD from perforated intervals of 
16 and 20 ft, respectively, when po- 
tential tests were made through a 
¥Y%-in. choke. The productivity index 
of the well perforated with the emul- 
sion in place was 1.35 BOPD/psi/ ft, 
whereas the productivity index of 
one of the offset wells was 0.137 
BOPD/psi/ft. Sufficient information 
was not available to ascertain the 
productivity index of the other off- 
set well. No difficulty was noted in 
passing the perforator through the 
emulsion and the liquid level in the 
well remained unchanged after the 
new interval was perforated. 
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FIELD Jos No. 4 


The objective of a workover job 
on a well in South Texas was to con- 
vert the well from a single to a dual 
completion by perforating a new 
zone above the existing perforated 
interval. 

The existing perforations were 
from 8,559 to 8,576 ft, and a packer 
was located at 8,500 ft when circu- 
lation was established with 9.7-lb/gal 
salt water. The tubing was raised to 
7,800 ft, and 8% bbl of 10.0-Ib/gal 
emulsion were spotted in the 7-in. 
casing from about 7,585 to about 
7,800 ft. After the interval from 
7,732 to 7,742 ft was perforated 
with four shots per foot using a 
casing-jet gun, the tubing equipped 
with the completion assembly was set 
into the packer at 8,500 ft. 

After the workover job was com- 
pleted, the well was potentialed for 
an open flow of 1.7 MMcf of gas 
per day from the 7,732- to-7,742-ft 
interval. A comparison of the pro- 
ductivities of this well and of offset 
wells could not be made because of 
the erratic sand characteristics of the 
formation. 

The placement of the emulsion 
using salt water as a circulating fluid 
was Satisfactory. As was the case in 
the other field tests, the fluid level 
did not fall after the well was perfo- 
rated. This indicated the emulsion 
was performing satisfactorily in this 
well which had a formation tempera- 
ture of 200°F at 7,740 ft. 


SUMMARY OF FIELD EXPERIENCE 


Although insufficient field tests 
have been completed to make a defi- 
nite evaluation, the results of the 
limited experience indicate these 
emulsions serve well as non-plugging 
perforating fluids. The fact that the 
fluid level was about the same before 
and after the wells were perforated 
shows the emulsions did not flow 
into the formations, and the fact 
that the productivities of two of the 
test wells were higher than those ob- 
tained from offset wells is limited 
evidence of the good field perform- 
ance of the emulsions. 

The mixing of these emulsions 
with untreated muds may cause 
rather serious thickening of the muds. 
In the spotting of an emulsion, the 
use of a small volume of water be- 
tween the emulsion and the mud is 


recommended to prevent the forma- 
tion of a thickened mass in the well. 
The emulsion and any contaminated 
mud should be discarded when they 
are circulated from the well. If the 
mud system should become contami- 
nated with the emulsion, the mud 
should be treated in the same man- 
ner as though it were contaminated 
with cement, gypsum, or anhydrite. 


CONCLUSIONS 


The results of laboratory tests 
show that emulsions can be prepared 
which have (1) low filtration rates, 
(2) controllable densities (within the 
range of 7.5 to 12.5 lb/gal, (3) zero 
insoluble solids content, (4) negligi- 
ble corrosivity, and (5) satisfactory 
thermal stability up to approximate- 
ly 200°F. The results of corrosion 
tests demonstrate that tetrachloro- 
ethylene instead of carbon tetrachlo- 
ride should be used in the prepara- 
tion of emulsions when a density 
greater than that obtainable with 
diesel oil is needed. 

The results of tests done under 
simulated well perforating conditions 
demonstrate that plugging of perfo- 
rations is prevented by the use of 
these emulsions. The very low pres- 
sure differential required to initiate 
flow from the cores after the targets 
were perforated, as well as the visual 
inspection of the targets, show that 
the perforations were not plugged. 

The results of limited field experi- 
ence indicate these emulsions serve 
well as perforating fluids. 

The use of these emulsions as per- 
forating fluids should eliminate low 
well productivity caused by plugging 
of the perforations during and im- 
mediately following the perforating 
of wells. 
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A laboratory study of the effects of physical and 
easily measured rheological properties upon dynamic 
filtration was carried out. The purpose was to determine 
the factors affecting dynamic filtration and thus learn 
how to control this important property. 

The recommended procedure for determining the 
amount of fluid loss prescribed by API Code RP 29 
“Field Procedure for Testing Drilling Fluids,” is very 
useful for mud conditioning purposes, but inadequate 
for comparing filtration properties of different muds 
under dynamic conditions. Where dynamic filtration 
control becomes important for purposes such as log- 
ging and coring, other means of evaluating filtration 
properties are needed. 

A special device and testing technique were de- 
veloped to provide reliable data on filtration character- 
istics of different fluids under dynamic conditions. Liquid 
saturated rock samples were drilled with a microbit, 
and the amount of connate liquid displaced by the fluid 
being investigated was measured. The empirical testing 
procedure was considered reliable. 

A large number of laboratory-prepared and field- 
mixed drilling fluids with a wide range of physical prop- 
erties were studied. These properties included: (1) shape 
of consistency curves, (2) apparent viscosity, (3) plas- 
tic viscosity, (4) yield value, (5) density, and (6) API 
filter loss. Test results indicate that very little, if any, 
trend could he established between changes in these 
fluid properties and dynamic filtration. 


INDE ODUEC TION 


During the process of drilling, excessive loss of liquid 
from the mud to the formation is undesirable for many 


Original manuscript received in Society of Petroleum Engineers 
office on July 27, 1956. Revised manuscript received Feb. 20, 1957. 
Paper presented at Petroleum Branch Fall Meeting in Los Angeles, 
Oct. 14-17, 1956. 

IReferences given at end of paper. 
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Teasons. Filtration can reduce production-zone _per- 
meability, cause sloughing of formations, affect electric 
log curves, and render the fluid data obtained from 
cores unreliable. Thus, it is very important that we 
gain a knowledge of the factors that control filtration. 

It is generally agreed that in any type of filtration 
(static, dynamic, or combinations thereof), the me- 
chanics of filtering depend in great part upon the com- 
position of the fluid. Moreover, it is also true that the 
physical and rheological properties are influenced by 
the composition of the fluid. Indirectly, then, it was 
hypothesized that a relationship existed between dynamic 
filtration and physical-rheological properties, two effects 
of a common cause—fluid composition. 


This paper discusses an attempt to relate filtration- 
while-drilling to physical and easily measured rheological 
properties. It is believed that the results of this study 
may prove useful to others in the industry who are 
working on the problem of understanding filtration. 


The industry accepted practice for determining fluid 
loss from drilling mud is described in API Code RP 
29. The practice is to measure the amount of filtrate 
that passes during a given interval of time from a 
quiescent drilling fluid under applied pressure through 
a piece of filter paper. This is primarily a test of static 
filtration properties. Other investigators have studied 
filtration under dynamic conditions. Williams’ and Pro- 
kop” studied radial filtration and filter-cake buildup by 
circulating fluid through a porous cylinder under con- 
ditions similar to actual mud flow. Nowak,’ Krueger,** 
and Vogel’ studied the effect of filtration upon per- 
meability by flowing mud past the face of rock sam- 
ples. In their tests, the bit action was simulated by 
mechanical scrapers that kept the filter cake from 
building up. Ferguson and Klotz* studied three types 
of filtration: static, dynamic, and beneath-the-bit. They 
investigated each type separately, using a model well 
in which bottom-hole hydraulics and mechanics were 
closely approximated. 
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As indicated, past work on dynamic filtration has 
concerned itself largely with attempts at simulation of 
bottom-hole conditions. At the beginning of the pres- 
ent work, it was decided that the physical arrange- 
ment chosen should allow investigation of filtration 
under the most severe conditions—that is, in the area 
immediately below the rotating bit. For the purpose of 
the work discussed in this paper, the different types of 
filtration were not considered separately. Dynamic fil- 
tration was defined as the amount of fluid displaced 
from a rock sample during the process of drilling, 
but it was realized and desired that this is predomi- 
nantly the beneath-the-bit type of filtration. 


APPARATUS AND PROCEDURES 


TEsT EQUIPMENT 


As stated before, the standard procedure for field- 
testing drilling fluids, while useful for mud control or 
conditioning, is not adequate for comparing filtration 
properties of different fluids under dynamic conditions, 
so it was necessary to design special apparatus and de- 
velop new procedures. 


A schematic sketch of the apparatus, consisting of a 
drilling machine, test cell, mud reservoir, and circula- 
tion system, appears in Fig. 1. The equipment was ar- 
ranged to facilitate routine testing. No effort was made 
to duplicate in magnitude actual bottom-hole conditions; 
the purpose was to provide data on a relative basis 
pertaining to the filtration that takes place as a result 
of the mechanical action of rock removal by rotary 
methods. 


The drilling machine was a standard %4-in. drill press, 
modified to include a test-cell frame and a hydraulic 
push-down device to supply weight to the bit. The cell 
consists of the rock sample, a modified permeability 
cell, and a filtrate collector. The mud reservoir, serv- 
ing also as the mud-mixing chamber, has a fluid capacity 
of approximately 20 gal; however, only 3 to 5 gal of 
drilling fluid were necessary to conduct a test. Fluid 
is pumped through the bit and returned to the mud 
reservoir by a vane-type, positive-displacement pump, 
powered by a 3-hp electric motor. 

The apparatus provides for variations in: (1) fluid 
flow rate, (2) pressure differential across the rock sam- 
ple, (3) bit weight, and (4) bit rotation speed. Means 
are also provided for measuring drilling rate, bit weight, 
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back pressure, circulating pressure, fluid temperature, 
and quantity and rate of filtration. 


TEST PROCEDURES 


GENERAL 

The procedure is similar in principle to that used by 
Ferguson and Klotz; a liquid-saturated rock sample is 
drilled with a microbit, and the amount of connate 
liquid displaced by the drilling process is measured. 

Rock samples were cut from natural formations into 
cylinders of 2-in. diameter and 4-in. length. Standard 
laboratory evacuation and immersion methods insured 
complete saturation of each sample with a selected 
liquid. The sample was then mounted in a modified 
permeability cell and placed in the drilling machine. 
The permeability cell sealed the periphery of the sam- 
ple and held it in place in the test cell (see Fig. 1). 
The microbit was then brought to bear on the rock 
face, and mud circulation and drilling were started 
simultaneously. 

The weight on the bit was maintained during drill- 
ing by nitrogen pressure, which was applied to a pis- 
ton attached to the drill pipe. The rate of mud flow 
was controlled by a valving arrangement that allowed 
a portion of the mud flow to be returned to the mud 
reservoir without first passing through the bit. Pressure 
differential across the sample was controlled by a valve 
located in the mud-return line. 

For each test a hole was drilled 3 in. into the rock 
sample. As the microbit penetrated the sample, fluid in 
the pores was displaced and passed from the sample 
through the lower section of the test cell to a calibrated 
collector. The quantity of displaced fluid and elapsed 
time were recorded periodically during the drilling 
process. Readings were usually taken in increments of 
2 or 3 cc of collected fluid. The drilling time was 
recorded at each 4 in. of hole drilled. 


No attempt was made to control temperature. Nor- 
mally, it took only a few minutes to drill 3 in., and the 
temperature did not change appreciably during this 
short time. 


EFFECT OF OPERATING VARIABLES ON 
DYNAMIC FILTRATION 


There was very little experience prior to these tests 
to indicate what results might be expected from the 
equipment and procedure employed. The necessity for 
perfecting the. techniques, together with the possibility 
that some of the operating variables might have a di- 
rect bearing upon the amount of filtrate, prompted a 
series of preliminary tests. 

The preliminary tests of operating variables pre- 
sented here are, generally speaking, only qualitative. No 
attempt was made to investigate exhaustively each op- 
erating variable. Instead, it was believed that a series of 
tests to establish mean and limiting values would ma- 
terially hasten the establishment of standard conditions 
so that the primary objective, a short-cut prediction of 
dynamic filtration, could be obtained. 


EFFECT OF DRILLING RATE 


A series of variable drilling-rate-tests was run using 
the small microbit drilling rig and a laboratory-prepared 
water-base mud. The drilling rate was varied by chang- 
ing the weight on the bit, in different tests, from 1.2 to 
12.3 ft/hr. The rock samples used were cut from Tor- 
pedo sandstone. 
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Fig. 2 shows the total quantity of fluid displaced as 
a function of depth for various penetration rates. It 
appears that the amount of fluid displaced decreases as 
penetration rate increases. 


EFFECT OF SAMPLE PERMEABILITY 


Rock samples from a number of formations of dif- 
ferent permeabilities were used in these tests. The 
formations included: (1) Berea sandstone 6 to 8 md 
permeability; (2) Bartlesville sandstone, 40 to 50 md; 
(3) Bandera sandstone, 200 to 300 md; and (4) Tor- 
pedo sandstone, 1,500 to 2,000 md. The drilling fluid 
was a laboratory-prepared oil-base mud. As can be seen 
in Fig. 3, fluid displacement varied from 2 COMLOr 
Berea to 18 cc for Torpedo. 


EFFECT OF BACK PRESSURE 


The results of a series of tests to determine the ef- 
fect of pressure drop across the rock sample are shown 
in Fig. 4. Torpedo sandstone rock samples and a lab- 
Oratory-prepared oil-base drilling fluid were used. The 
back pressure, or pressure drop across the rock sam- 
ple, was contolled by a valve in the mud return line. 
The results indicate that the filtration while drilling is 
not very sensitive to changes in back pressure over the 
range tested. Doubling the pressure drop resulted in an 
- increase of only 5 cc filtration, and, when the gradient 

was increased by a factor of four, the filtration was-in- 
creased by only 7 cc. — 


40 1.2 FPH 
1.5 FPH 
8 5.0 FPH 
12.3 FPH 
a 
= 
= 
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CONSTANT TEST CONDITIONS 


SAMPLE: TORPEDO SANDSTONE 

FLOW RATE: 6 GPM 

ike) BACK PRESSURE: 5 psi 

SATURATING FLUID: DISTILLED WATER 
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BIT PENETRATION-INCHES 


Fic. 2—Errect or Drittinc RATE UPON 
Dynamic FILTRATION. 


DRILLING RATE: 1.5-2.0 tph 

FLOW RATE: 6 GPM 

BACK PRESSURE: 5 psi 

SATURATING FLUID’ DISTILLED WATER 

TORPEDO SANOSTONE 
Ka= 1500-2000 MD. 
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EFFECT OF CONNATE LIQUID VISCcosITYy 


In these tests, Torpedo sandstone was saturated with 
various Newtonian fluids of different viscosities, These 
included: (1) distilled water, 1 cp viscosity; (2) Bayol, 
7 cp; (3) Wyrol, 40 cp; and (4) Primol, 135 cp. The 
drilling fluid was a laboratory-prepared oil-base fluid. 
The results, which are shown in Fig: 5, indicate a 
spread in fluid displacement data from 22 cc for dis- 
tilled water to as low as 7 cc for Primol. 


EVALUATION OF STANDARD TEST 
CONDITIONS 


TEST CONDITIONS 


On the basis of the data and experience gained in the 
investigation of operating variables, a set of standard 
test conditions was established. These conditions, chosen 
to allow a convenient spread of filtration data, are as 
follows: 

Sample: Torpedo Sandstone, 2-in. diameter, 4-in. 
length, 1,500 to 2,000 md permeability, 25 per cent 
porosity 

Saturating Fluid: Distilled Water 

Differential Pressure: 5 psi 

Flow Rate: Approximately 6 gal/min 

Drilling Rate: 1.5 to 2.0 ft/hr 

Penetration: 3 in. 

Bit Size and Type: 114-in. microbit 


FIELD-MIxED Mup TEsTs 
Up to this point, all the dynamic filtration tests used 
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laboratory-prepared drilling fluids. It was desirable, how- 
ever, to evaluate the test apparatus and procedure with 
reference to conventional drilling fluids, so dynamic 
filtration tests were run using nine field-mixed drilling 
muds. The fluids, representing all the basic types of 
fluids, were taken from the mud pits at various drilling 
sites in the country. Of the nine samples, three were 
water-base fluids, two were oil-base, two were oil-in- 
water emulsions, and the remaining two were invert- 
type emulsions. The physical and rheological properties 
of these fluids are shown in Table 1. 

The results of the dynamic filtration tests of these 
fluids, as shown in Fig. 6, indicate a favorable spread of 
data. Dynamic filtration ranged from 17 to 38 cc, thus 
giving a spread of filtration data of approximately 21 
ce. It is of interest to note that the best of the nine 
fluids, with reference to dynamic filtration, was a par- 
ticular conventional lime mud. 

On the basis of these and the previous tests, it can be 
concluded that the apparatus and procedure render reli- 
able data on the filtration characteristics of fluids under 
mechanical drilling conditions in the laboratory. 


DYNAMIC FILTRATION AND FLUID 
PROPERTY STUDY 


METHODS 

Using the apparatus and standard testing procedure 
described, an extensive laboratory study of the relation- 
ship between dynamic filtration and physical and easily 
measured rheological fluid properties was conducted. 
The purpose was to determine the factors that affect 
filtration while drilling and, from this, learn how to con- 
trol this important property. 

Approximately 40 fluids were tested. These fluids 
represented practically all types of drilling fluids, includ- 
ing oil-base muds, water-base muds, and emulsions— 
both oil-in-water and invert. The fluids were prepared or 
selected to offer a complete range of fluid properties. 
For the most part, they were mixed using conventional 
oilfield drilling mud ingredients. Since the purpose of 
the investigation was to relate mud properties to dy- 
namic filtration, the muds are listed in Table 2 by basic 
type only. 

Because of occasional undetected flaws in the natural 
formation samples, a single dynamic filtration test for 
each fluid sample was not sufficient. For this reason, two 
tests, and quite often three or more, were run for each 
fluid. The dynamic filtration value reported for each 
fluid is the average of all tests. 

A Fann viscosimeter was used to measure the rheo- 
logical properties of the fluids. This is a rotational type 
viscosimeter which provides for shear stress readings at 
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six different rates of shear. With this instrument it was 
possible to obtain data for determining the following 
properties: (1) consistency curve, (2) apparent viscos- 
ity, (3) plastic viscosity, (4) yield value, and (5) gel 
strength. It is understood that such properties as “yield 
value” and “plastic viscosity” are strictly applicable only 
to plastic-type fluids. Nevertheless, using the Fann test- 
ing procedure, it was possible to measure these values 
for all types of fluids. While the values may not be 
true, in their usual sense, they are reproducible and, as 
such, are valuable for the purpose of this study. 

In addition to the rheological properties, two other 
physical properties—density and API fluid loss—were 
measured and recorded, following standard API test 
procedures. 


RES UELS 


Table 2 and Figs. 7 through 12 summarize the results 
of this investigation. All fluids tested are tabulated in 
Table 2, together with the properties measured. The 
same data, showing each of the individual properties 
as a function of dynamic filtration, are presented graph- 
ically in Figs. 7 through 12. The solid line drawn 
through the data points is the least squares linear plot 
best representing the data. The broken line shows the 
second-order curve that best fits the data. 


The statistical curves drawn through the data points 
disregard the four extreme cases which are included in 
Table 2. These cases represent: (1) water-base fluid, 
120 ce dynamic filtration; (2) oil-base fluid, 105 cc dy- 
namic filtration; (3) invert emulsion, 115 cc dynamic 
filtration; and (4) invert emulsion, 96 cc dynamic fil- 
tration. The same four fluids fall out of place in all of 
the curves presented. 


TABLE 1—FLUID PROPERTIES OF FIELD-MIXED DRILLING-FLUIDS 


Apparent Plastic 
Sample Sample Viscosity Viscosity 
°. Description cps cps 
1 Lime-Treated Mud 
(Alvin, Tex.) 33 29 
2 Conventional Lime Mud 
(Beaumont, Tex.) 54 46 
3 Emulsion Mud 
(Sherman, Tex.) 87 71 
4 Emulsion Mud 
(Sherman, Tex.) 115 94 
5) Oil-Base Mud 
(California) 78 
6 Oil-Base Mud 
(Houston, Tex.) 105 
Zé Invert Emulsion 47 
8 Invert Emulsion 98 
9 Lime-Treated Mud 
(Bay City, Tex.) 94 78 
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Yield API Dynamic 
Value Density Fluid Loss Filtrate 
Ib/100 ft2 Gel Ib/gal cc/30 min 
8 0/0 11.80 3.4 24 
16 0/23 12.40 3.1 17 
31 22/93 13.60 3.0 27 
4) 9/54 12.40 25 21 
9.15 3.1 38 
7.50 0.0 29 
9.30 0.4 35 
11.10 0.0 31 
31 5/22 16.60 3.7 : 21 
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ANALYSIS OF THE DATA a 


In analyzing the data, attempts were made to corre- 
late apparent viscosity, plastic viscosity, yield value, 
shape of consistency curves, density, and API fluid loss 
with dynamic filtration. Generally, it was found that 
little, if any, trend could be established between changes 
in these fluid properties and dynamic filtration. 


APPARENT VISCOSITY 


As can be seen in Fig. 7, fluids with an extensive 
_ Tange of apparent viscosities were tested. Also evident 
is the fact that, within the normal range of viscosities 
(fluid enough to remain pumpable), there is only the 
slightest trend toward reduced displacement with vis- 
cosity increase. It is not possible to extend the trend, 
indicated by the least squares linear plot of the data, to 
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Fic. 8—Dynamic Fintrarion vs PLastic Viscosity. 


zero displacement and yet remain within the normal 
limit for viscosity. 


PLASTIC VISCOSITY 

The data shown in Fig. 8 indicate that there is a 
trend toward reduced dynamic filtration with increase of 
plastic viscosity; but, as in the case of apparent viscos- 
ity, this trend is very slight. To extend the trend to zero 
dynamic filtration, an extreme increase in plastic viscos- 
ity would be necessary. Even though a slight trend 
exists, it is not believed that a positive correlation be- 
tween dynamic filtration and plastic viscosity can be 
made at this time. 


YIELD VALUE 


There is no trend evident in Fig. 9. It would appear 
that it is not possible to relate dynamic filtration to yield 
value. Consistency curves of various fluids are shown in 


TABLE 2—FLUID PROPERTIES 


Dynamic Apparent Plastic Yield API 
Fluid Filtrate Viscosity _Viscosity Value Gel Density Fluid Loss 
Sample cc/3 in. cps cps Ib/100 ft? Initial/10 min Ib/gal cc/30 min 
Oil-Base Fluids 
1 26.0 137 115 44 7/15 7.89 2°55 
2 2725 136 116 40 4/9 7.84 Sul 
3 31.5 179 112 34 4/9 7.84 Set 
4 29.0 120 97.8 45.3 6/10 7.83 2.8 
5 25.3 10.00 0.0 
6 28.0 7.60 0.0 
7, 31.0 8 04 0.0 
8 285 7.83 
9 28.0 105 90 30 Esa 10.0 ts 
10 29.7 85 73.8 2256 4/8 7.84 3.1 
11 32.5 70 53 34 0/0 8.33 0.0 
12 31.0 27 20 10 Ese 10.00 0.8 
13 35.0 26 21 11 2/4 8.33 0.0 
14 36.0 20 19 2 oe 10.00 00 
15 105.0 6 6 10 8.17 100.0 
16 38.0 78 9 20 SEH 
WA 29.0 105 7.5 0.0 
18 26.5 8.0 00 
19 9.4 0.0 
20 40.0 8.1 1.0 
Water-Base Fluids 
21 37.5 36 iz 38 oe 8.6 4.0 
22 120.0 10 5 10 pee 8.6 14.7 
23 37.0 9 6 6 ae 8.6 7.0 
24 24.0 33 29 8 0/0 11.8 3.4 
25 17.0 54 46 16 0/23 12.4 3.1 
26 94 78 31 5/22 16.6 
Emulsions (O/W) 
31.0 18 12 12 8.4 1.0 
a 27.0 87 7| 31 22/93 13.6 3.0 
29 21:0 115 94 4] 9/54 12.4 20d 
Invert Emulsions 
0 28.5 179 122 114 1/4 8.3 0.0 
Sr 33.0 150 126 A7 0/2 8.5 00 
32 30-5 148 12) 53 1/2 8.5 0.0 
33 55.0 113 88 50 es 9.4 0.0 
34 96.0 99 82 24 ea 12.0 0.0 
35 115.0 78 71 15 or 12.0 0.0 
36 31.6 78 70 16 0/0 8.33 0.0 
37 36 76 68 16 0/0 8.33 0.0 
38 37 69 66 7 0/0 8.3 0.0 
39 36.5 56 49 14 0/0 8.3 ae 
40 35.0 47 9.3 
4) 31.0 98 
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Fig. 10, where the Fann scale deflection (shearing 
stress) was plotted against Fann rpm at six different 
speeds ranging from 3 to 600 rpm. It was hoped that 
there might be a favorable correlation between the 
shapes of the curves and dynamic filtration. As can be 
seen, there is no obvious relationship. There appears to 
be a slight trend, but this is probably the result of in- 
creased viscosity, rather than the shape of the curves. 


DENSITY 

In these tests, an increase in density generally repre- 
sents an increase in the volume of solids in the drilling 
fluid. Fig. 11 shows that there is a fairly evident trend 
toward reduced displacement as density is increased. 
This indicates that the solids-to-liquid ratio is possibly 
an important factor in controlling dynamic filtration, 


API Fiuip Loss 


Fig. 12 indicates that there is no apparent relation- 
ship between API fluid loss and dynamic filtration. 
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Many of the fluids tested indicated zero API fluid loss 
and yet caused considerable dynamic filtration—higher, 
in many cases, than the fluids that did not indicate zero 
API fluid loss. For example, one of the invert emulsions 
indicated zero API fluid loss but yielded 105 cc dynamic 
filtration (as shown only in Table 2); a 3.1 cc API- 
fluid-loss, lime-base mud, on the other hand, yielded 
only 17 ce dynamic filtration. Data of this nature indi- 
cated that, in relation to dynamic filtration, a zero API 
fluid loss is not at all exceptionally significant. 


CONCEUSIONS 


At the start of this investigation, it was believed that 
a simplified or “short-cut” method for predicting dy- 
namic filtration, relying on physical and theological 
properties, would be extremely desirable and useful. 
Unfortunately, it was not possible, using these so-called 
“short-cut” methods, to evaluate the effects of fluid 
components on dynamic filtration. From these results, 
it appears that a more fundamental approach, based 
perhaps on microscopic fluid properties and behavior, is 
necessary to understand the causes of dynamic filtration. 

The conclusions drawn from this work may be sum- 
marized as follows: 

1. The principle of determining dynamic filtration 
properties of different drilling fluids by actually drilling 
into a saturated rock sample is considered reliable. 

2. There appears to be no relationship between 
dynamic filtration and such theological properties as 
apparent viscosity, plastic viscosity, yield value, and 
shape of consistency curves. 

3. There appears to be no relationship between dy- 
namic filtration and API fluid loss. 

4. It was not possible to evaluate the effects of the 
fluid constituents that control dynamic filtration in terms 
of easily measured properties. 

It is believed that worthwhile contributions to the 


60 


e LEGEND 


WATER BASE FLUIDS 
Q EMULSIONS (0/w) 

@ INVERT EMULSION 


OIL BASE FLUIDS 


LINEAR PLOT 


DYNAMIC FILTRATION- cc 
T 


7 8 10 12 13 14 15 16 17 
DENSITY -L8/GAL 


Fic. 11—Dynamic FILTRATION vs Density. 


8 
z 

° 
8 ER PLOT 
z 
° 
= a 

LEGEND 


WATER BASE FLUIDS 
EMULSIONS (0/W) 
INVERT EMULSIONS 
OIL BASE FLUIDS 


Cece 


4 5 6 
API FLUID LOSS-cc/30 MINUTES 


Fic, 12—Dynamic Fittration ys APJ Fiuw Loss. 


7 8 


PETROLEUM TRANSACTIONS, AIME 


% 
ODA 
| 
4" 
a 
IZ 
— 


understanding of dynamic filtration can be made with 
one or more of the following investigations: 

1. The investigation of particle structure on dynamic 
filtration. For a common carrier fluid, this study 
may involve the size, shape, and concentration of 
solid (rigid) particles on dynamic filtration. 

2. A detailed study of fluid density, related to both 
particle structure and particle density. This study 
may take into account high and low densities, 
volume concentrations, swelling effects, and other 
mechanical aspects of solid-liquid mixtures. 

3. A study of standard testing procedures to see if 
they can be extended to cover tests for dynamic 
filtration, as well as static filtration. 


ADDENDUM—DEFINITION OF RHEOLOGICAL 


TERMS 


For purposes of this paper, the rheological proper- 
_ ties referred to are defined as follows: 


APPARENT VISCOSITY 

The apparent viscosity is an imaginary quantity when 
applied to non-Newtonians. It is the viscosity that the 
non-Newtonian would have if it were a Newtonian at 
that particular rate of shear. For the case of the Fann 
viscosimeter, it is determined by dividing the 600 rpm 
scale deflection by two. This means that the apparent 
viscosity referred to in this report is the viscosity that 
a Newtonian would have at approximately 958 sec- 
onds” rate of shear. 


PLASTIC VISCOSITY — 


Plastic viscosity is normally associated with Bingham 
(or plastic) types of fluids. For these fluids, it is de- 
fined as the shearing stress in excess of the yield value 
that will induce a unit rate of shear. It is understood 
that for fluids other than Bingham plastics this defini- 
tion is not applicable. Nevertheless, using the Fann vis- 
cosimeter, it is possible to measure values for plastic 
viscosity for all types of fluids. While these measure- 
ments may not be true values of plastic viscosities, the 


measurements are reproducible and, being such, they 


are valuable for the purpose of correlating fluid prop- 
erties and dynamic filtration. 
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YIELD VALUE 


Yield value is another term which is normally asso- 
ciated with Bingham types of fluids. It is defined as the 
tangential shearing force which will just cause flow be- 
tween two adjacent layers. Not all fluids possess yield 
values; however, using the Fann viscosimeter, it is pos- 
sible to measure so-called yield values for all but New- 
tonian-type fluids. Here, as in the case of plastic viscos- 
ity, these measurements are not always true yield values, 
but they are reproducible, and therefore, are again 
useful for relating dynamic filtration to the fluid prop- 
erties. 


CONSISTENCY CURVES 


Consistency is defined as the flow nature that a mate- 
rial possesses by virtue of its internal structure. Except 
in the case of a Newtonian fluid, it is not possible to 
express consistency by a single value. For non-Newton- 
ians (practically all drilling fluids being such), it is nec- 
essary to represent consistency by a multiple point 
curve (shearing stress vs rate of shear). In the case of 
this study, the shearing stress was measured by the Fann 
viscosimeter at six different rates of shear. 
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A laboratory investigation was conducted to deter- 
mine quantitatively the extent to which connate water 
was contacted and displaced by invading flood water. 
In these experiments the connate water in unconsoh- 
dated sand packed columns was completely displaced 
by injecting water. The nature of this displacement was 
similar to that previously described for single-phase 
miscible fluid displacement studies, and thus the pres- 
ence of a non-wetting immiscible Dhase did not ap- 
preciably change the nature of the displacement. The 
effects of water injection rate, column length, and oil 
viscosity on connate water displacement were investi- 
gated. 

It is concluded that the connate water in a reser- 
voir is the water which actually displaces oil from the 
pores of the rock during a water flood. During a water 
flood the connate water forms a zone which separates 
the invading flood water from the continuous oil phase. 
The size and shape of connate water bank is chiefly de- 
pendent on the oil viscosity and the column length. 


INTRODUCTION 


Water flooding is one of the most widely used tech- 
niques for the secondary recovery of oil. Presently, 
however, it is still not possible to recover all the oil in 
a reservoir by water flooding. The research described 
in this paper was conducted as part of a study to de- 
termine the conditions under which 100 per cent oil 
Tecovery could be attained by water flooding. The par- 
ticular objective of this work was to determine if any 
chemical agent, regardless of its nature, placed in the 
flood water could be effective in influencing the mech- 
anism of displacement of the oil by water. 
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It has been known for many years that water does 
not displace all the oil in a reservoir because a por- 
tion of the oil is “trapped” and held immobile by capil- 
lary forces. This oil is trapped within the pores of a 
water-wet rock when it becomes broken into discon- 
tinuous globules. Initially, when oil is present at high 
saturations within the pores of a water-wet rock, the 
connate water forms rings around the points of con- 
tact of the sand grains and may even completely fill 
small cavities between grains, whereas the oil occupies 
the larger void spaces between the grains.” 

Under these conditions, the oil in these spaces is in 
the form of irregular but continuous filaments, the 
diameters of which depend on the geometry of the 
sand pores. The filaments are formed by the oil con- 
tained in the small cells which are formed between the 
sand grains and are connected to their neighboring cells 
by channels or tunnels formed by pendular rings of 
water. At a high oil Saturation, the oil filaments con- 
form approximately to the Shape and size of the cells 
and their connecting tunnels, Starting with this dis- 
tribution, as the water saturation is increased the water 
layers in the small cavities and on the surface of the 
grains grow. As this occurs, the water rings grow and 
the diameters of the oil filaments decrease. 

When an oil filament is reduced to a critically small 
diameter, the filament breaks, and its tunnel fills com- 
pletely with water. Any oil which remains within a 
cell after all its connecting tunnels have been water- 
filled is trapped as a discontinuous globule. Once the oil 
has become trapped, the capillary forces Oppose dis- 
tortion of the globules and may prevent their being 
Squeezed through the water-filled tunnels. 

Only a very small pressure gradient is sufficient to 
keep oil moving as a continuous filament. On the other 
hand, once the filament has broken into discontinuous 
oil droplets a relatively large force is required to dis- 
tort the surface of a drop and move it through a water- 


*References given at end of paper. 
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filled constriction. The pressure gradient necessary to 
do this is normally of the order of 0.1 psi acting over 
a distance equivalent to a sand grain diameter. 

This pressure gradient must be exerted by the flow 
of water through the rock. Hawever, a pressure gradient 
of this magnitude cannot be maintained in an actual 
reservoir. Consequently, to increase oil recovery by 
water flooding it appears necessary either to reduce 
the tendency of the oil to become discontinuous or to 
reduce to a practical value the magnitude of the pres- 
sure gradient required to recover the discontinuous 
globules. Of the two possible general solutions, the pre- 
vention of the trapping of oil by water is the most de- 
sirable. However, in order for an additive in the water 
to reduce the tendency for the oil to become discon- 
tinuous, it is necessary for the additive to be present 


at the displacing oil-water interface during the displace= 


ment. These conditions have been discussed by Moore 
and Slobod.’ 

It has been postulated that mixing of the flood water 
with connate water might reduce the concentration of 
additive in the water at the displacement front to a 
value too low to be effective. If waterflood additives 
could not be made effective in the initial displacement, 
then it would be necessary to approach the problem 
of 100 per cent recovery by additives designed to re- 
lease the oil after it has been trapped, or to introduce 
suitable additives into the oil phase prior to initiation of 
the flood. It was primarily to answer this basic question 
regarding the effectiveness of waterflood additives that 
the research described in this report was initiated. In 
addition, certain basic information concerning the na- 
ture-of the displacement process was desired. 

Some investigations of this problem have been 
ported in the literature. Muskat, et al,? have published 
a limited number of experiments of a qualitative nature 
that indicated a large percentage of the connate water 
was temoved while water flooding a core. Also it has 
been previously reported* that the efficiency of this dis- 
placement was high. More recently, complete removal 
of the connate water in the vicinity of a borehole has 
been described in a new logging technique.‘ On the basis 
of these three works and the experiments reported by 
von Rosenberg,” on single-phase miscible displacement, 
the possibility of forming a zone of connate water ap- 
pears reasonable. Because of the importance of. this 
point to the entire concept of methods of increasing ul- 
timate oil recovery, the investigations described in this 
report were undertaken. 


The results of a previous study’ showed that in a 
miscible displacement the resident fluid is completely 
displaced. The amount of invading fluid necessary to 
displace the resident fluid andthe length of the zone of 
mixing associated with the displacement front were de- 
pendent on the rate of flow, the pore geometry, and the 
distance the front had traveled at the time of observation. 

Before planning quantitative experiments to explore 
the detailed mechanics of the similar miscible displace- 
ment of connate water by flood water during the dis- 
placement of oil or gas, preliminary flooding experi- 
ments were conducted to determine the qualitative fea- 
tures of the process. The apparatus used was a seg- 
mented column 2 ft long, consisting of 12 2-in. sec- 
tions, packed with unconsolidated sand. The column 
was prepared to contain connate water and oil. The 
connate water was a 20 per cent solution of potassium 
chloride. Distilled water was injected until a quantity of 
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water equal to twice the volume of the connate water 
had been produced. The column was then dismantled, 
and the sand in each section was tested quantitatively 
for chloride. The absence of residual chloride clearly 
demonstrated that the connate water was completely 
displaced by the flood water under these conditions. 

With this fact in mind, experiments were planned 
to determine the quantitative nature of the displace- 
ment process. In this study fluids were displaced from 
columns packed with an unconsolidated, water-wet sand. 
The columns were packed to be as homogeneous as 
possible. The variables studied were: connate water 
saturation, rate of flooding, immiscible phase vis- 
cosity, and length of travel. In these experiments, im- 
miscible, non-wetting phases were air, kerosene, and 
viscous oil (140 cp). Experiments using air as the non- 
wetting phase were conducted to study the effect of 
varying amounts of connate water; whereas the oil- 
water system was used to study the effect of rate, column 
length, and oil viscosity. 


EXPERIMENTAL APPARATUS 


Lucite tubes 3 to 10 ft long and 114 -in. inside diameter 
were packed with mixtures of unconsolidated sand. 
Homogeneous packing and distribution of the sand was 
achieved by mechanically vibrating the column. The 
end sections of the tubes were designed to provide uni- 
form distribution of the injected fluid over the entire 
sand face. 

The pumping system used to flood the columns was 
of the displacement type; a Zenith constant rate pump 
discharged viscous oil to a salt water reservoir and dis- 
placed the salt water to the columns. Auxiliary equip- 
ment included accumulator and vacuum systems to 
saturate or flood the columns with carbon dioxide, water, 
kerosene, and viscous oil. 


SPECIAL EQUIPMENT 


The degree of mixing between the connate water and 
flood water was determined by measuring the chloride 
ion concentration in the effluent water phase. The de- 
tector for this measurement was a potentiometric cell 
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designed to permit continuous analysis of the effluent. 
This cell, shown in Fig. 1, holds a silver chloride and a 
calomel electrode in a 1/16-in. flow channel. This cell 
was attached to the outflow face of the column, and 
the chloride ion concentration was determined from the 
potential generated between the two electrodes as the 
salt solution flowed past. In this manner, the chloride 
ion concentration could be instantaneously determined 
a few seconds after the fluid flowed from the column. 
Two solutions of potassium chloride, one diluted and 
one concentrated, were used as the connate water and 
flood water, respectively. The concentration range be- 
tween the two solutions was selected to give optimum 
operating conditions for the potentiometric cell. 

During two-phase fluid production, instantaneous 
separation and negligible liquid holdup are absolutely 
necessary to prevent time lag between production and 
detection. A separator meeting these requirements was 
constructed by milling a spiral channel 6 in. long and 
1/16 in. deep in a piece of Selas porous porcelain 
treated to render it oil wet. A drawing of the separa- 
tor is shown in Fig. 2. By applying a slight vacuum 
to the porcelain, the oil was removed by flowing through 
the porcelain and into a burette. The water flowed 
through the channel in the porcelain into the sample 
collection system. 


EXPERIMENTAL PROCEDURE 


AiR-WATER SYSTEM 


Experiments using air as the non-wetting phase were 
conducted in a sand column 3 ft long packed with 
clean Ottawa sand (50 to 70 mesh). After assembly, 
the column was flushed with carbon dioxide gas, evacu- 
ated, and saturated with a dilute solution of potassium 
chloride. The porosity of the column was 35 per cent 
and the permeability to dilute brine was 13.3 darcies. 
Humidified air was then flowed through the column 
until a predetermined air-water saturation was obtained. 
Water saturation determined by volumetric and gravi- 
metric measurements agreed within + 2 per cent of the 
total pore volume. All the experiments were performed 
in the same column. The air and connate water were 
displaced by concentrated potassium chloride solution at 
a constant flooding rate of 15 ft/day. It was unneces- 
sary to use a separator in these experiments because 
there was a sharp transition from gas production to 
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“0” Ring 
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water production. The chloride ion concentration in the 
effluent was determined by measuring the potential gen- 
erated between the silver chloride and calomel elec- 
trodes. 


OIL-WATER SYSTEM 

The sand columns used in these experiments were 
100 cm long and were prepared in the manner pre- 
viously described. By using a specially graded sand, 
porosities of 33 to 34 per cent and permeabilities in the 
range of 2 to 3 darcies were obtained. 

After being saturated with a dilute solution of potas- 
sium chloride, the columns were flooded to a low water 
saturation with three pore volumes of viscous (140 cp) 
oil using a pressure drop of 50 psi. The viscous oil was 
used to reduce the quantity of oil required to obtain low 
water saturations. The viscous oil was displaced by 
kerosene, and the water flood was carried out with a 
concentrated potassium chloride solution at the rates 
and on the columns described in Table 1. 

In one case the viscous oil was not replaced. 

The two-phase effluent from the column was fed to 
the separator. The chloride ion concentration of the 
water phase was determined by titration. The volume 
of oil produced was measured in a burette, and the 
water volumes were calculated from the difference be- 
tween the oil produced and the amount of water injected. 


DLREATMENT OF DATA 


In miscible displacement, the cross-section at which 
the composition of the fluid is half resident fluid and 
half invading fluid moves with an apparent velocity 
equal to the average stream velocity. This has been 
demonstrated by a simplified analysis of flow in tubes® 
and experimentally substantiated for single-phase mis- 
cible displacement of fluids with similar viscosities from 
porous media.” These experiments established a criterion 
for evaluating the data obtained from miscible dis- 
placements: the concentration of the effluent must be 
50 per cent resident fluid when the volume of injected 
fluid is equal to one pore volume. The pore volume is 
defined to be the void volume within the porous medium. 


It was decided to apply this criterion to the connate 
water experiments in determining whether or not the 
connate water displacement mechanism was similar to 
the single-phase miscible displacement mechanism. In 
order to examine this point for the displacement of the 
water phase in the presence of an immiscible non-wet- 
ting phase, it was essential to determine a volume to 
replace the pore volume term. This was necessary be- 
cause a portion of the immiscible phase was not dis- 
placed from the voids and was trapped as residual oil 
or gas globules. 


Two volumetric terms were found useful in analyzing 
the data. They are defined in the following section. One 
of these, the effective pore volume, was found to cause 
the data to satisfy the 50 per cent criterion, and it was 
used for plotting the data when the total two-phase fluid 
production was of interest. The other term, connate 
water pore volume, proved to satisfy the 50 per cent 


TABLE 1—DISPLACEMENT OF CONNATE WATER IN PRESENCE OF OIL 
PHASE: PHYSICAL CONSTANTS AND OPERATING CONDITIONS 


Connate 


Porosity, K, Water, Rate, Immiscible Length 

Run No. Per Cent Darcies Per Cent ft/day Phase 4 : 
A 34.2 2.8 12.0 4.35 kerosene 9.84 
B 34.1 2.5 10.4 4.35 viscous oil 3.28 
C 33.0 Zen 12.8 1.05 kerosene 3.28 
D 33.2 oul 135 4.35 kerosene 3.28 
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criterion for the air-water system and was used for plot- 
ting the data when production after water breakthrough 
was of interest. 


EFFECTIVE PorkE VOLUME 


For moderate ratios of the viscosity of the oil to that 
of the water, production of the oil is essentially com- 
plete in the type of flood being studied by the time of 
water breakthrough. This implies that a sharp boun- 
dary or front exists between the flowing oil and the 
Water. Behind this front, where the oil is discontinuous, 
the connate water is being miscibly displaced by the 
flood water. The channels available for flow of the water 
in the presence of the discontinuous oil phase com- 
prise that part of the pore volume not occupied by the 
oil globules. Therefore, effective pore volume is de- 


fined as the void volume minus the oil or gas volume — 


that exists within the column at the time connate water 
production is complete. Substitution of effective pore 
volume for pore volume in the 50 per cent point cri- 
terion requires that the concentration of connate water 
in the effluent water phase be 50 per cent when one 
effective pore volume of water has been injected. This 
gives a standard employed in these studies as well as a 
volumetric term used in presenting the data. 


CONNATE WATER PoRE VOLUME 


Connate water pore volume is defined as a volume 
equal to the volume of the connate water. When this 
term is substituted for the pore volume term, the 50 
per cent point criterion requires that the concentration 
of the produced water be 50 per cent connate water 
when a volume of water equal to the connate water is 
produced. 

Connate water pore volume is used to define the 
amount of water produced, whereas the effective pore 
volume is used to define total fluids produced. 

EXPERIMENTAL RESULTS AND ~ 
INTERPRETATION OF THE DATA 


OIL-WATER SYSTEM 
To determine whether the displacement of connate 


water by flood water was similar to that for single- _ 


phase miscible displacement, typical data from each of 
the two cases were examined. These data are shown in 
Fig. 3. The fraction of the miscible resident fluid pres- 
ent in the effluent is plotted as a function of the effective 
pore volumes produced. The curve for the miscible dis- 
placement of connate water in the presence of and 
during the displacement of oil by flood water, and the 
curve for single-phase miscible displacement are simi- 
lar in shape. Both displacements satisfy the 50 per cent 
point criterion. In the oil flooding experiment, when one 
effective pore volume of fluid had been produced the 
concentration of the connate water in the produced 
water was 50.1 per cent. Similar results were obtained 
on each of five other runs with oil-water systems. 


EFFECT OF COLUMN LENGTH 

A convenient way to compare and evaluate results 
from columns of different length is by means of an ar- 
bitrary displacement efficiency term. For this purpose, 
the efficiency of displacement of the connate water is 
defined in terms of the amount of flood water required 
to remove the connate water. Specifically, the displace- 
ment efficiency is defined as one minus the ratio of the 
volume of the mixed zone to the pore volume. The 
mixed zone is defined to contain water less than 97 
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per cent connate water and more than 3 per cent con- 
nate water. Fig. 4 is a plot of the per cent connate 
water in the effluent as a function of the effective pore 
volumes produced for two experiments. The operating 
conditions for both experiments were the same except 
that one column was three times as long as the other. 
These curves show that as the column length increased 
the efficiency of the displacement of the connate water 
increased. 

Because the connate water displacement efficiency in- 
creased in the longer column does not mean that there 
was less mixing between the connate water and the 
flood water in the longer column. Additional mixing 
does occur as long as the front continues to travel. How- 
ever, since the mixed zone grows approximately as the 
Square root of the distance it travels,’ the mixing per 
unit length traveled decreases as the column length in- 
creases. This results in the greater displacement effi- 
ciency, the longer the column. 


EFFECT OF OIL Viscosity 


To determine the effect of oil viscosity on the dis- 
placement process, two columns were flooded at the 
same linear rate, using viscous (140 cp) oil and kero- 
sene (1.8 cp) respectively as the non-wetting immis- 
cible phases. These data are shown in Fig. 5, where the 
concentration of the connate water in the effluent is 
plotted as a function of the effective pore volumes pro- 
duced. The efficiency of displacement of the connate 
water in the experiment with viscous oil was smaller 
than that for the displacement of kerosene. Comparing 
the results shows that the more viscous oil caused an 
early water breakthrough and a long period of water 
production containing a small amount of connate water. 


The data for viscous (140 cp) oil do not exhibit good 
agreement with the 50 per cent point criterion. This may 
be due to deviation from the described concept of the 
effective pore volume. When the oil has a low viscosity, 
oil production is complete shortly after water break- 
through, and the miscible displacement occurs princi- 
pally in the region of discontinuous, immobile oil drop- 
lets behind the oil front. On the other hand, when the 
oil phase is highly viscous, breakthrough occurs early, 
and the miscible displacement of the connate water 
takes place over a large part of the column in which 
oil is not discontinuous and, hence, is flowing and 
decreasing in volume. Therefore, the effective pore 
volume is not defined precisely for this system. 

Table 2 shows the agreement between the effective 
pore volume predicted from the 50 per cent criterion 
and the experimental effective pore volume for all 
experiments reported. The agreement is good for all 
runs except the one using viscous (140 cp) oil. 


EFFECT OF RATE 

The effect of rate on the efficiency of displacement 
of the connate water is shown in Fig. 6, where the 
concentration of the connate water in the effluent is 
plotted as a function of the effective pore volumes 
produced for runs made at different rates but identical 
in all other respects. The two displacement rates were 
1.05 and 4.35 ft/day. These curves show that the 
efficiency of displacement of the connate water was 
greater at the higher rate. This is not the result which 
would have been predicted from the single-phase mis- 
cible displacement studies where it was shown that a 
decrease in flow rate caused an increase in displace- 
ment efficiency.” 
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TABLE 2—-COMPARISON OF PREDICTED AND EXPERIMENTAL VALUES OF 
THE EFFECTIVE PORE VOLUME: (PREDICTED VALUE IS 1.000) 


Experimental Effective 


Run No. System Pore Volume* 
Air-Water 1.009 

2 Air-Water 0.999 

3 Air-Water 1.000 

A Kerosene-Water 1.002 

B Viscous Oil-Water 0.951 

Kerosene-Water 0.975 

D Kerosene-Water 1.031 


*Experimental effective pore volume = ; 
amount of fluid produced when concentration of connate water is 50 per cent 


total pore volume — residual oil or gas volume 


This discrepancy is probably due to the limited range 
of rates used in each of these studies. If the total mixing 
that occurs in a miscible system results from mixing 
by diffusion and mixing due to the velocity distribution 
within individual pores, there exists a particular rate 
for each system where the two contributions will be 
approximately the same. At rates lower than this par- 
ticular rate, the major contribution to mixing is from 
diffusion, and at higher rates the major contribution is 
due to velocity distribution within the pores. 

There is a distinct possibility that the effect of rate 
on the efficiency of displacement of the connate water 
depends on which of the two types of mixing predom- 
inates. For this reason, the effect of rate can be com- 
pletely determined only if a complete range of rates 
is investigated. 


AIR-WATER SYSTEM 


Experiments using air as the non-wetting immiscible 
phase were performed to determine the effect of the 
quantity of connate water on the efficiency of displace- 
ment of the connate water. Three floods are reported 
here from a group of 10 which were performed at a 
constant linear rate of advance for different volumes 
of initial connate water. 


The interpretation of these data was complicated by 
apparent connate water recoveries differing slightly 
from 100 per cent. Although this disagreement was 
within what is normally considered experimental error, 
when the data were plotted on the same graph the 
resulting curves were confusing. Therefore, to facilitate 
comparing the curves on a common graph, a para- 
meter a was defined to represent the per cent connate 
water recovered. 


NORMALIZED PARAMETER — a 


The amount of connate water recovered in the three 
runs showed apparent recoveries of 97.3, 101.9, and 
101.1 per cent of the original connate water in place. 
These values were determined by graphical integration. 

The experimental error and inaccuracies due to 
graphical integration were eliminated from the inter- 
pretation of the data by correcting the recovery per- 
centages. The values were normalized by dividing the 
instantaneous fractional recoveries by the apparent total 
recovery. This yields 100 per cent recovery for ali the 
experiments and thereby facilitates comparison of the 
data. The corrected recovery was designated as a. 


EFFECT OF INITIAL AMOUNT OF CONNATE WATER 


The use of the normalized connate water recovery a, 
permitted data for the runs using air as the immiscible 
phase to be plotted on a single graph. Fig. 7 is a plot 
of a vs connate water pore volumes produced for three 
experiments in which different initial amounts of con- 
nate water were present. These curves show that the 
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number of connate water pore volumes necessary to 
displace 100 per cent of the connate water increased 
as the initial amount of connate water decreased. Thus, 
the fraction of connate water recovered when one con- 
nate water pore volume had been produced increased 
as the amount of connate water initially present in- 
creased. 

The efficiency of the connate water displacement, in 
the presence of and during the displacement of a gas 
phase, was found to increase as the amount of connate 
water increased. The data for three runs are shown in 
Fig. 8 (per cent connate water in effluent vs effective 
pore volumes produced). The dotted line in Fig. 8 
represents a “piston-like” displacement process. 

Additional results of the displacement of connate 
water in the presence of a gas phase are tabulated in 
Table 3. An analysis of these data shows the following: 

1. A comparison of the amount of connate water and 
the amount of water produced at the 50 per cent point 
shows that the agreement of the data with the 50 per 
cent point criterion is good. 

2. The amount of connate water produced at the 
point where flood water breakthrough occurs increases 
as the connate water content of the column increases. 

3. The volume of the transition or “mixed” zone, 
measured in total pore volumes, increased rapidly with 
a decrease in the initial connate water content. 

4. The volume of water injected to the point of flood- 
water breakthrough is independent of the initial amount 
of connate water. 

This analysis is consistent with the data from the 
seven additional runs not reported here. 


CONCLUSIONS AND INTERPRETATION FOR 
THE RESERVOIR 


The displacement of connate water, in the presence 
of and during the displacement of an immiscible, non- 
wetting oil or gas phase, is similar to single-phase, 
miscible displacement. 

The following conclusions and interpretations have 
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TABLE 3—DISPLACEMENT OF CONNATE WATER IN PRESENCE OF GAS 
PHASE: FLOODING RATE 15 ft/day 


Run No: 1 72 % 
Connate water fraction -2213 .1976 -1660 
Pore volumes produced at .2270 -1969 .1660 
50 per cent point 

Per cent connate water recovered at 77.5 69.8 57.8 
flood water breakthrough 

Per cent connate water recovered 93.6 90.8 86.0 

at 50 per cent point 

Pore volumes injected at flood water 7553 .7678 7456 
breakthrough 

Pore volumes injected at water .6275 
breakthrough 

Volume of front (5-95 per cent) A205) -1650 .2290 
in pore volumes 

Volume of front (10-90 per cent) .0985 .1250 .1880 


in pore volumes 


been drawn from the foregoing laboratory studies on 
water-wet unconsolidated sands. 

1. During a water flood, the connate water is the 
water that actually displaces the oil. The connate 
water forms a barrier between the continuous oil phase 
and the injected water. For this reason, additives in 
the flood water cannot contact the oil during the initial 
displacement and, therefore, cannot be effective in in- 
creasing the efficiency of the initial oil displacement. 

2. On water flooding a reservoir, all connate water 
will be displaced by the flood water and the manner in 
which it will be produced is chiefly a function of the 
oil viscosity. The first water produced in flooding opera- 
tions can be expected to have the composition of the 
connate water. Chemical problems may arise, such as 
production of scale in the wellbore, which would not 
be expected from the composition of the injected water. 

3. The fact that connate water is completely dis- 
placed by flood water is pertinent to water floods where 
fresh water is injected. Fresh water will not become 
saline by mixing with the connate water except in a 
very limited zone. Inasmuch as fresh water may cause 
considerable reduction in permeability of a formation 
to the injected water, treatments to increase injectivity 
may be unsuccessful, since formation damage will not 
be limited to the vicinity of the wellbore. This obser- 
vation is also pertinent to electric log interpretation, 
since it confirms that the connate water can be com- 
pletely displaced from the invaded zone by mud filtrate. 
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Rheological Measurements of Non-Newtonian Fluids 
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The design and performance of 
many operations common to the 
petroleum industry depend upon the 
unique properties of a class of mate- 
rials known as non-Newtonian fluids. 
The art of measuring and describing 
these properties, called rheology, has 
fallen far behind the field applica- 
tion of these fluids in this industry. 
Empirical methods are still employed 
although theoretically sound methods 
of analysis are now available. 

This paper illustrates a completely 
general method of analysis of the 
rheological properties of non-New- 
tonian fluids which is independent of 
the type of viscometer employed and 
also the rheological type of fluid 
encountered except those of a thixo- 
tropic or rheopectic nature. 

Values of the rheological proper- 
ties of a fluid obtained using this 
method of analysis are based upon 
an absolute scale of measurement, 
eliminating the necessity of employ- 
ing arbitrary concepts of the flow 
properties of non-Newtonian fluids. 

The fundamental nature of this 
method of analysis is further demon- 
strated by evaluating the precision 
with which measurements have been 
made of these rheological properties 
by employing a dimensionless criteria 
—the Fanning friction factor-Rey- 
nolds number correlation. 


Original manuscript received in Society of 
Petroleum Engineers office on July 9, 1956. 
Revised manuscript received Feb. 25, 1957. 
Paper presented at Petroleum Branch Fall 
Meeting in Los Angeles, Oct. 414-17, 1956. 
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Non-Newtonian fluids are not new 
in the petroleum industry. Particular 
properties of non-Newtonian mate- 
rials have been recognized and used 
to advantage in drilling fluids and 
have found excellent application in 
the hydraulic fracturing process.”” 

While usage of these fluids is not 
new in this industry, the art of meas- 
uring and describing their rheological 
properties is still in its infancy. This 
is reflected in the accepted method 
of evaluating drilling fluids, API RP 
29, (1950), which recommends a 
one point “viscosity” measurement. 
These shortcomings are recognized 
by various groups in the industry 
and more adequate methods have 
been proposed.** 


The efforts of these people are to 
be commended; but, at the same 
time, the limitations of their method 
of analysis and viscometer must be 
appreciated. This method of analysis 
is applicable only to Bingham plastic 
fluids as is pointed out early in their 
articles. The consistency of a Bing- 
ham plastic fluid must also lie within 
the range of the viscometer which is 
also well defined by the author. It 
is believed that the apparent sim- 
plicity of this method of analysis 
and the utility of operation of their 
viscometer will soon make the terms 
non-Newtonian fluid and Bingham 
plastic fluid synonymous as used in 
this industry; a tendency which has 
already been encountered. Applica- 
tion of this method of analysis to a 


*References given at end of paper. 


non-Newtonian fluid other than a 
Bingham plastic can lead to erron- 
eous results. 

The field of rheology has long 
been hampered by the adherence to 
arbitrary concepts of classification 
of the flow properties of non-New- 
tonian fluids. This has resulted in the 
design and operation of viscometers 
so as to fulfill these concepts rather 
than following the more logical 
method of analyzing experimental 
data so as to yield a fundamental 
truth. 


For example, Bingham proposed 
the concept of plastic flow and yield 
value. Experimental data presented 
by Buckingham could hardly be in- 
terpreted so as to substantiate this 
theory; but rather succeeded in 
establishing the fact that compliance 
with this flow concept could never 
be realized in the capillary tube vis- 
cometer.” Bingham, in reply, sug- 
gested “Rather than complicate our 
formula, it would seem to me a 
much better plan to so change the 
conditions of flow that the formula 
will be linear.” Reiner’ stated “This 
plan has been followed by me in col- 
laboration with Miss Riwlin. .. . 
From the present paper (Reiner and 
Riwlin, 1929) it will be seen that 
it is possible to choose the condi- 
tions of flow so that the formula 
based on Bingham’s law of plastic 
flow remains linear. This is realized 
in the rotation viscometer.” 


Thus, a viscometer, with design 
and operation based on the Reiner 
and Riwlin equation for plastic flow, 
is restricted to a specific range of flow 
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conditions during its operation and 
is applicable only to those fluids 
which comply with the arbitrary 
definition of a Bingham plastic fluid. 
Also, rheological measurements ob- 
tained by this method of analysis, 
based on unique conditions of flow, 
would not be applicable to predict 
flow through cylindrical ducts where 
these unique conditions of flow are 
never realized. 


Other workers in the field of 
rheology, following the more logical 
method of analyzing experimental 
data so as to yield a fundamental 
truth, have recently been rewarded 
by the development of a method of 
analysis of the flow behavior of 
non-Newtonian fluids that is as theo- 
retically rigorous for all types of non- 
Newtonian fluids as it is for New- 
tonian fluids.’ Neither is this method 
restricted as to the type of visco- 
meter employed nor as to its range of 
operation”””” except with respect to 
the turbulent-flow region which must 
be recognized in any viscometric 
study.” 


It is the purpose of this paper to 
illustrate this completely general 
method of analysis of the flow prop- 
erties of non-Newtonian fluids by 
evaluating fluids typical of those 
employed in the petroleum industry 
using two common types of visco- 
meters. 


STATEMENT OF THEORY 
AND DEFINITIONS 


A fluid is a substance which un- 
dergoes continuous deformation when 
subjected to a shear stress. The re- 
sistance offered by a real fluid to 
such deformation is called its con- 
sistency. If + (Ib force/sq ft) is the 
shear stress which maintains at a 
point in a fluid the time rate of 
shearing strain dV /dy (i.e., velocity 
gradient, ft/sec/ft, perpendicular to 
the direction of 7), the numerical 
measure of the consistency is the 
quantity, 


dV /dy 
in which g, is the dimensional con- 
stant 32.1740 (lb mass) (ft)/(1b 
force) (sec’). For gases and for sim- 
ple (or Newtonian) liquids the con- 
sistency is constant if the static pres- 
sure and temperature are fixed; for 
such substances the consistency is 
usually called the viscosity. If the 
consistency of a liquid is not constant 
but is a function only of the shear 
stress 7, the fluid is called a complex 
(or non-Newtonian) liquid.” 
Thus the rheological properties of 


(1b mass) /(sec) (ft), . (1) 
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any type fluid, Newtonian or non- 
Newtonian, can be described mathe- 
matically by a plot of shear stress 
(7 vs rate of shear, dV/dy). A re- 
striction to this mathematical defini- 
tion lies in the necessity of the con- 
sistency to be a function only of the 
shear stress. Those fluids whose con- 
sistency is a function of the shear 
stress and also the time of duration 
of shear stress (thixotropic or rheo- 
pectic fluids) cannot be described 
in this manner. 

The mathematical forms of the 
equations employed to analyze ex- 
perimental data obtained from differ- 
ent types of viscometers must neces- 
sarily differ due to the differences in 
geometric principles upon which the 
viscometers operate, but yield the 
same fundamental variables, shear 
stress and the resulting rate of shear. 


In order to obtain the rate of shear— 


these equations will be of a differ- 
ential form and this method of 
analysis will be referred to as a 
differential method. 


For a capillary tube or pipeline- 


type viscometer, these equations 
Shear stress: 
DAP 
r= (Ib force/sq ft) . (2) 


Rate of shear: = 


DAP\ 


d(8Q/xD") 
where, 
D = inside diameter of pipe 
or tube, ft 
iE = length of pipe or tube, 
ft 
AP = pressure drop, lb force/ 
sq ft 
0) = volumetric flow rate, cu 
ft/sec 


For a concentric cylinder rota- 
tional type viscometer, these equa- 
tions are:” 

Shear stress: 


r= force/sq ft). (4) 


Rate of shear: 
27(du/d 
where, 


h = inner cylinder height, ft 
n = d log w/d log 7 at the value of 
7 in question 


well into the 
of 
= 3 Although ap- 
ro = outer cyl astic fi 
T = torque a 
“sis fa 
der, ft 
der wi 


The above 
tional viscomet 
their mathem 


though it is rea vannt-ap 
proximations are involved. For a 
more complete discussion of this 
type viscometer, reference is made 
to the previously mentioned articles 
of Krieger, et al.*°” which present 
equations that will yield any degree 
of precision that may be required. 
It may be further demonstrated 
that this method of analysis for flow 
through cylindrical ducts is as theo- 
retically rigorous for non-Newtonian 
fluids as it is for Newtonian fluids 
by employing the conventional Fan- 
ning friction factor-Reynolds number 
correlation as suggested by Metzner 
and Reed’ in the following manner: 


‘= DAP / pV’ 
4L 22, 


Nee = 
(dimensionless ) (7) 


y = g.K’8"" (lb mass) /(ft) 


(sec*”’) (8) 
where, 
f = Fanning friction factor, di- 


mensionless 

K’ = characteristic of fluid, (1b 
force) (sec) /(sq ft) 

(DAP/4L)/(8V/D)” at the 
value of DAP/4L in ques- 
tion 

Nre = Reynolds number, dimension- 
less 

(D"V*"p)/y for all fluids, 
which reduces to DVp/u 
for a Newtonian fluid 

n’ = dimensionless characteristic 

of fluid 

= d In(DAP/4L) /d In(8V/D) 
at the value of DAP/4L in 
question 

1.000 for Newtonian fluids, 
is between zero and unity 
for pseudo-plastic non- 
Newtonians, and greater 
than unity for dilatant 
fluids. May be constant 
over a wide range of shear 
stress but not restricted to 


II 


II 


constancy 

V = average or bulk velocity, 
ft/sec 

y = generalized viscosity coeffi- 


cient, lb mass/(ft) (sec””’) 


197 


| 
| 
| 
| 
| 
| 
| 


-s to p, the viscosity 
a Newtonian fluid 
wsity of fluid, Ib mass/cu ft 


ORIPTION OF APPARATUS 


The pipeline viscometer used in 
this investigation consisted of a 6.92- 
ft length of ’%-in. nominal diameter 
steel pipe, preceded and followed by 
calming sections of the same ma- 
terial, fixed in a horizontal position. 
The exact internal diameter of this 
pipe, 0.02317 ft, was determined 
from the weight of mercury required 
to fill the 6.92-ft section. 

A mercury filled manometer or 
dead weight tested bourdon tube 
gauges were used to indicate the 
pressure difference occurring through 
this length during conditions of 
steady flow. 

An average volumetric rate of 
flow was determined from the time 
required for a pre-determined weight 
of the material being tested to col- 
lect in a tarred container, and the 
density of the material. 

The fluid to be tested was forced 
through the pipeline viscometer by 
applying regulated air pressure to 
the top of a fluid reservoir supplying 
the pipeline. 

Sedimentation was avoided while 
testing the solid-liquid suspension by 
completely emptying the fluid reser- 
voir and remixing the slurry be- 
tween determinations. 


The rotational viscometer con- 
sisted of a modified cup and bob 
for the Stormer viscosimeter. This 
cup and bob was designed so as to 
impress a homogeneous system of 
shear stress upon the material being 
tested by confining the fluid to the 
annular space between the cylinders 
with a maximum elimination of end 
effects. This design permits a com- 
plete mathematical analysis of the 


MODIFIED CUP AND BOB 
FOR STORMER VISCOSIMETER 


LEVEL 
FLUID 


BUBBLE 


Fic. 1—Mopirigep Cup anp Bop For 
SToRMER VISCOSIMETER. 
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system and eliminates arbitrary cor- 
rection constants. 

The cup and bob arrangement is 
illustrated in Fig. 1 and possessed 
the following dimensions: 

Radius of cup, r, = 0.0729 ft 

Radius of bob, r; = 0.0521 ft 

Height of bob in contact with fluid, 

h = 0.2815 ft 

Operation of this viscometer con- 
sisted of timing 100 revolutions of 
the bob, after it had reached a steady 
speed, for various weights employed 
to drive the viscorneter. 

Sedimentation was avoided while 
testing the solid-liquid suspension by 
frequently stirring the contents of 
the cup between determinations. 

No temperature control was em- 
ployed as the equipment was set up 
inside the laboratory where the tem- 
perature was fairly constant and both 
viscometers were operated simul- 
taneously. 


APPLICATION OF EQUIPMENT 


These two types of viscometers, 


00 


A _| 
| 
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DAP/4L— lbs force/sa ft 


Fic. 2—PIreLine Viscometer, SAE 30 
Motor Ot. 
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Fic. 3—PipeLine VISCOMETER, 25 PER 
CENT CALCIUM CARBONATE Surry. 


which require no calibration, were 
applied to three fluids typical of those 
encountered in the petroleum indus- 
try: (1) a Newtonian type repre- 
sented by SAE 30 motor oil, weigh- 
ing 55.2 lb/cu ft; (2) a non-Newton- 
ian type of solid-liquid suspension 
consisting of 25 per cent by weight 
calcium carbonate in water, weigh- 
ing 73.5 lb/cu ft; and (3) a non- 
Newtonian type of colloidal gel con- 
sisting of a 2.78 per cent by weight 
modified starch in water, weighing 
61.5 Ib/cu ft. 


EXPERIMENTAL DATA 


All data are presented in graphical 
form for ease of interpretation. 

For the pipeline viscometer, Figs. 
2 through 4, a multiple of the volu- 
metric flow rate (8Q/z D*) is plotted 
vs a multiple of the driving force (D 
AP/4L). The Newtonian fluid re- 
sults in a linear relationship between 
these variables while the non-New- 
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tonian fluids yield a non-linear re- 
lationship. 


For the rotational viscometer, Figs. 
5 through 7, a multiple of the speed 
of rotation () is plotted vs a mul- 
tiple of the driving force (T/2zh 
r;). The Newtonian fluid results in 
a linear relationship between these 
variables while the non-Newtonian 
fluids exhibit a non-linear relation- 
ship. In Fig. 6, where the modified 
Stormer viscosimeter is used to evalu- 
ate the calcium carbonate slurry, the 
effect of turbulent flow is indicated in 
the upper region of the curve illus- 
trating the necessity of obtaining 
sufficient data so as to recognize and 
avoid this region. 


These curves (Figs. 2 through 7) 
show the limitations of the plastic 
flow-yield value method of analysis. 
There is no discernible linear portion 
exhibited by the non-Newtonian 
fluids in either viscometer. The cal- 
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cium carbonate slurry, a fluid which 
is normally considered a true plas- 
tic, should conform to the Bingham 
plastic concept; yet no linear portion 
of the curve can be seen even though 
the modified Stormer viscosimeter 


(Fig. 6) was operated well into the 
turbulent-flow region. Although ap- 
pealingly simple, the plastic flow- 
yield value method of analysis fails 
to classify this fluid as to its rheo- 
logical type and thus can hardly be 
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expected to yield any actual measure- 
ments of the fluid’s properties. 


RESULES 


By employing the differential 
methods of analysis previously out- 
lined, it can be shown that both 
viscometers yield the same funda- 
mental shear stress-rate of shear re- 
lationship for each fluid. 

Fig. 8 yields the expected constant 
coefficient of viscosity for the New- 
tonian fluid. Each data point can 
be evaluated by Eq. 1 to obtain the 
viscosity. A conversion factor, 1,488, 
will change the engineering unit into 
the metric unit of viscosity in cen- 
tipoise. An average of the pipeline 
viscometer data yields a viscosity of 
226 cp and the modified Stormer 
viscosimeter data a viscosity of 
218 cp. 

Fig. 9 illustrates the decreasing 
consistency of a non-Newtonian sol- 
id-liquid suspension with increasing 
shear stress when compared with a 
background of Newtonian fluid 
curves. Eq. 1 will also express the 
value of consistency for a particular 
value of shear stress. There does ex- 
ist a constant relationship between 
the rate of shear and the shear stress 
for this fluid, which can be expressed 
in the form + = K’ [4n’/(3n’ + 1)]” 
(dV,/dr)”, where K’ = 0.132 and n’ 
= 0.260, from the pipeline viscom- 
eter data and K’ = 0.192 and n’ = 
0.223, from the modified Stormer 
viscosimeter data, excluding those 
points in the turbulent-flow region. 

Fig. 10 also illustrates in the same 
manner the decreasing consistency of 
a non-Newtonian colloidal gel with 
increasing shear stress. Eq. 1 will 
again express the value of consistency 
for a particular value of shear stress. 
Again there exists a constant rela- 
tionship between the rate of shear 
and shear stress for this material with 
K’ = 0.0472 and n’ = 0.502 from 
the pipeline viscometer data and K’ 
= 0.0595 and n’ = 0.489 from the 
modified Stormer viscosimeter data. 

The fundamental nature of this 
method of analysis is further illus- 
trated in Fig. 11 where all fluids 
evaluated are correlated by the con- 
ventional Fanning friction factor- 
Reynolds number analysis of flow 
through cylindrical ducts. 

The importance of the fact that 
non-Newtonian fluids also obey the 
Fanning friction factor-Reynolds 
number correlation cannot be over- 
emphasized. Because of the funda- 
mental nature of this method of 
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analysis, measurements of the rheo- 
logical properties of non-Newtonian 
fluids are obtained based upon an 
absolute scale which is as theo- 
retically rigorous for non-Newtonian 
fluids as it is for Newtonian fluids. 
We are now in a position to evalu- 


ate the precision with which we have 
measured the rheological properties 
of non-Newtonian fluids. Deviation 
from the Fanning friction factor-Rey- 
nolds number criteria that (f) (Nz.) 
= 16 in the laminar flow region in- 
dicates experimental or calculational 
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error for a capillary tube or pipeline- 
type viscometer. 


Applying this criteria to these data 
we obtain average values of 16.09 (an 
error of 0.56 per cent) for the New- 
tonian fluid, 16.23 (an error of 1.44 
per cent) for the non-Newtonian 
solid-liquid suspension, and 16.13 
(an error of 0.81 per cent) for the 
non-Newtonian colloidal gel. 


CONCLUSION 


It is no longer necessary to resort 
to arbitrary concepts to describe and 
measure the rheological properties of 
non-Newtonian fluids. A completely 
general method of analysis of the 
flow properties of non-Newtonian 
fluids has been illustrated by its ap- 
plication to fluids typical of those 
employed in the petroleum industry 
using two common types of viscom- 
eters. The fundamental nature of this 
method of analysis of the rheolo- 
gical properties of non-Newtonian 
fluids has been further demonstrated 
by evaluating the precision with 
which these measurements have been 
made by employing a dimensionless 
criteria that is as theoretically rigor- 
ous for non-Newtonian fluids as it is 
for Newtonian fluids, the conven- 
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tional Fanning friction factor-Rey- 
nolds number correlation. 
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Interpretation of the Induction-Electrical Log in Fresh Mud 


DN T-R2O 


The induction-electrical log is a 
combination of a SP curve, a short 
normal curve, and an induction log; 
all three logs being recorded simul- 
taneously in a single run. The spacing 
of the short normal is 16 in. The in- 
duction log is designated as 5FF40, 
which means that the sonde involves 
five coils and a focusing system, and 
that the distance between the main 
coils is 40 in. 

Examples of induction-electrical 
logs are shown in Figs. 13 and 15. 
The right-hand track contains the 
induction conductivity curve. The 
scale of this curve is linear with the 
units of conductivity, i.e., mhos/m or 
millimhos/m (mmhos/m), increasing 
from right to left. The same curve 
can be read in the reverse direction 
as a resistivity log, with a hyperbolic 
scale. 

In the middle track, the solid curve 
represents the short normal. (An am- 


plified short normal is also shown in 
Fig. 15). The dotted curve is the 
resistivity curve of the induction 
log, i.e., the reciprocal of the con- 
ductivity curve, recorded with the 
same linear scale as the short nor- 
mal. The SP is in the left-hand track. 

In this combination, the SP curve 
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and the 16-in. normal are the essen- 
tial correlation curves, as in the con- 
ventional electrical log. The induction 
log provides a more accurate and 
detailed record of formation bound- 
aries than the conventional log, es- 
pecially in hard rock territories. Fur- 
thermore, the induction-electrical log 
makes possible the determination of 
fluid content, particularly in thin 
beds—at least qualitatively and very 
often quantitatively. In such thin 
beds, because of the adverse effect of 
the adjacent formations, the re- 
sponses of the conventional devices 
are generally doubtful and/or incom- 
plete. Another advantage of the new 
combination is that the induction log 
is little affected by the presence of 
thin hard streaks interbedded within 
the permeable sections, whereas such 
occurrences are the cause of serious 
distortions of the long normal and 
lateral curves. 

The evaluation of saturation from 
any resistivity log implies the knowl- 
edge of the true resistivity R, of the 
bed and of the resistivity R,, of the 
flushed zone, or at least of the ratio 
R../R,. With the induction-electrical 
log run in fresh mud, the 16-in. nor- 
mal has a smaller radius of investiga- 
tion than the induction log, so that 
the former reads closer to R,, and 
the latter closer to R,. Thus, it has 
been observed that the ratio of the 
16-in. normal to the induction log 
readings can be used as a basis for 
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the interpretation in terms of satura- 
tion, with the help of appropriate 
charts. The purpose of the present 
paper is essentially to explain this 
procedure and to provide the corres- 
ponding charts. 

On the other hand, when a forma- 
tion is deeply invaded, the response 
of any log (in particular the induc- 
tion log) depends upon the radial 
distribution of formation resistivities 
behind the wall of the hole, which 
itself is a function of the arrange- 
ment of the fluids saturating the 
formation pore spaces. This Paper, 
accordingly, will begin with a sche- 
matic description of the distribution 
of fluids and resistivities in the in- 
vaded zone. 

Next, some essential characteristics 
of the induction log will be reviewed. 
Finally, the determination of the in- 
terpretation charts and their appli- 
cation will be explained. 

The discussion will be confined to 
the case of fresh muds, i.e., muds 
whose resistivity is at least five times 
as great as that of the formation 
waters. With the present equipment 
the induction log is not well adapted 
for logging in salty mud. 

The Laterolog and guard electrode 
log are at their best under conditions 
of low resistivity mud. Accordingly, 
when these tools were introduced a 
few years ago, the use of salty mud 
was recommended. Now, with the in- 
troduction of induction logging, spe- 
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cial adjustment of mud resistivity is 
no longer necessary. Either the Lat- 
erolog or the induction log can be 
used as the basic tools for the investi- 
gation of true resistivity, depending 
on whether the mud happens to be 
salty or fresh. 


On the other hand, the Laterolog 
can be used in fresh mud also, but, 
in this case, as an auxiliary tool to 
induction logging. 


DISTRIBUTION OF FLUIDS AND 
OF RESISTIVITIES IN THE 
INVADED ZONE'”** 


For this discussion, it will be sup- 
posed that the formation has a uni- 
form intergranular porosity. 


WATER-BEARING FORMATIONS 

If the formation is 100 per cent 
water-bearing, the original water is 
pushed outward by the mud filtrate. 
Except in the case of very high ver- 
tical permeability, the effect of dif- 
ferences in density between the two 
waters is negligible, and the invasion 
progresses horizontally at about the 
same rate at all levels. Behind and 
close to the wall of the hole, the 
displacement of the formation water 
by—mud filtrate is practically com- 
plete. At a distance from the wall, 
the formation has not been reached 
by the filtrate and the pores are 
filled with the original water. The 
transition zone between the region 
of complete flushing and the uncon- 
taminated zone is more or less ex- 
tended, depending chiefly on the 
lithology of the formation and the 
speed of invasion. 


O1L-Gas-BEARING FORMATIONS 

When the formation contains hy- 
drocarbons, the process of invasion 
is more complex. In fact, as was 
pointed out by Campbell and Martin,’ 
there exists a bank of formation 
water between the region invaded by 
mud filtrate and the undisturbed 
zone. 

The distribution of fluids behind 
the wall of the borehole is a func- 
tion of many factors: rock structure, 
rate of filtration, relative gravities, 
viscosities of the fluids, and capillary 
forces. An investigation of the ques- 
tion on laboratory models is now 
under way. The problem has also 
been studied mathematically, with 
some simplifying assumptions. In par- 
ticular the effects of gravity and of 
capillary forces have been neglected. 

A few typical results are shown in 
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Figs. 1, 2, and 3 to illustrate the dis- 
cussion.* 

The figures show the radial dis- 
tribution of fluids from the axis of 
the hole, at a certain time after the 
beginning of invasion, and for three 
values of the initial saturation: 
namely, S, = 25, 50, and 75 per 
cent. The horizontal distance from 
the axis is plotted in abscissae, and 
the water saturation in ordinates. The 
computations on which the figures 
are based were made for a hole di- 
ameter of 8 in., and for the viscosity 
of the oil equal to that of the water. 
In all three figures, the vertical line 
BF represents the boundary between 
mud filtrate and formation water. 
The abscissa of this boundary deter- 
mines the extent of the invasion. The 
figures were traced for a diameter of 
invasion, D;, equal to 40 in. or 5d. 
For other values of D;, similar fig- 


*A complete explanation of the mathe- 
matical derivations would go beyond the 
scope of the present paper and will be given 
in another publication. 
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ures would be obtained, the abscissae 
being multiplied by an appropriate 
scaling factor. 

In Fig. 1 (S,, = 25 per cent) the 
curved portion AC of the saturation 
profile represents the region where 
water saturation decreases steadily 
with the distance from the wall. The 
vertical portion CD denotes a discon- 
tinuity, i.e., an abrupt decrease in the 
water saturation. The horizontal por- 
tion DE corresponds to the uncon- 
taminated zone. The space between 
BF and CD is the bank of formation 
water referred to above. This bank 
of formation water actually has the 
shape of an annulus surrounding the 
borehole. It will be designated in the 
following by the name of “annulus” 
to simplify the wording. In the pres- 
ent instance, the thickness of the 
annulus is about 5 in., compared to 
20 in., for the abscissa of BF, cor- 
responding to 40 in. for the diameter 
of the invaded zone. 

In Fig. 2, (S,, = 50 per cent), the 
saturation profile does not exhibit 


_ any vertical portion; the water satura- 


tion decreases gradually until it 
reaches its minimum and _ steady 
value. The annulus is then repre- 
sented by the region located between 
BF and the abscissa of the salient 
point C. Its thickness this time is 
about 10 in., as against 5 in. in the 
preceding case; but the average water 
saturation over the interval occupied 
by the annulus is little different from 
the saturation in the undisturbed 
zone. In other words, the annulus 
is more expanded but not so sharply 
contrasted. 

For S, 75 per cent (Fisy 3); 
the abscissa of the boundary between 
filtrate and formation water is the 
same as that of the salient point B, 
where the curved portion AB joins 
the horizontal portion BC of the 
saturation profile. There is no longer 
any annulus in this case. 

The results illustrated in Figs. 1, 2, 
and 3 are, of course, somewhat 
schematic because of the assump- 
tions made for their derivation. In 
fact, it is likely that the various 
zones are not separated by sharp 
boundaries, such as BF and CD, but 
by continuous transitions due, among 
other possible causes, to diffusion, 
fluid segregation, and capillary forces. 
The actual distribution of fluids can 
be better represented qualitatively by 
a drawing such as the one of Fig. 
4A, where the profiles do not exhibit 
any sharp discontinuity. The profile 
ABC represents the water saturation 
(filtrate plus formation water) in 
terms of radial distance. Curve BD 
does not indicate a separation be- 
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tween two different phases, but sim- 
ply the proportion of each com- 
ponent in the medium. 

To this distribution of fluids cor- 
responds a radial distribution of re- 
sistivities, as shown qualitatively by 
Curve 1 of Fig. 4B. This curve is 
traced for a low value of S,, less 
than SO per cent, and for a high ra- 
tio R,;/R,. Close to the wall, the 
flushing is maximum, and the resis- 
tivity is constant. This region is the 
flushed zone of resistivity R,,. Farther 
from the wall the resistivity progres- 
sively varies. On Curve 1, the resis- 
tivity is shown increasing, but it 
could as well decrease, depending on 
the proportion of oil, filtrate, and 
formation water in the pores. R; de- 
notes the average resistivity through 
the invaded zone. The presence of 
the annulus corresponds to a sharp 
and narrow depression in the resis- 
tivity profile. For a greater initial 
water saturation, the depression 
would spread and become flatter. Fi- 
nally, above about 60 per cent satu- 
ration, there would be practically no 
noticeable effect of an annulus, and 
the profile would have a shape simi- 
lar to that of Curve 2, which cor- 
responds to 100 per cent initial water 
saturation. 


The mathematical analysis, though 
still incomplete and perhaps some- 
what over-simplified, has brought to 
light a few fundamental results: (1) 
the presence of the annulus is notice- 
able only in case of low initial water 
saturation; (2) all other conditions 
being the same, the ratio of the av- 
erage resistivities, R; in the invaded 
zone and R,, in the annulus, de- 
pends directly on R,,,;/R,,; and (3) 
the ratio of the thickness of the an- 
nulus to the diameter of invasion 
increases slowly with the diameter of 
invasion. With the usual values of D,, 
this ratio ranges between 15 and 25 
per cent. 

Other computations have shown 
that the presence of the annulus has 
practically no effect on the response 
of the normal device and little ef- 
fect on that of the lateral. In the 
following discussion, accordingly, the 
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results concerning the normal device 
will be given as if the annulus did 
not exist. The effect of the annulus 
on the induction log, in certain cases, 
is not negligible. This point will be 
discussed later. 


REVIEW OF SOME PROPERTIES 
OF THE INDUCTION LOG 


The induction log was introduced 
several years ago, chiefly for survey- 
ing wells drilled with oil-base mud 
and empty holes. Since that time, 
the early induction logging instru- 
ment has been continuously im- 
proved in order to adapt the method 
to a correct investigation of wells 
drilled with water-base mud. The 
present type of equipment, the 
S5FF40, after several months of ex- 
tensive field experience, has proved 
an efficient tool for the investigation 
of formations of moderate resistivi- 
ties when drilled with fresh mud. Its 
use in salty mud still requires cau- 
tion. 

The principle of induction logging, 
the fundamentals of the interpreta- 
tion and the essential characteristics 
of the method were explained in de- 
tail by Doll’. 

Induction logging is a method of 
measuring formation conductivities. 
It provides an accurate and detailed 
record of the formations over a wide 
range of conductivity values. The ac- 
curacy is excellent for conductivity 
values higher than 20 mmhos/m (re- 
sistivity values less than 50 ohms-m) 
and is acceptable in lower conduc- 
tivity ranges, down to 5 mmhos/m 
(resistivities up to 200 ohms-m). Be- 
yond this limit, the induction log 
continues to respond to formation 
variations but with diminished ac- 
curacy. 


~ Some important properties of the 
induction log will be reviewed here. 


RESPONSE IN SHALES 

Shales generally are anisotropic 
formations, not only because of their 
microscopic structure, but because 
they often contain thin, hard lay- 
ers. The resistivity measured on a 


sample of shale with a uniform flow 
of current perpendicular to the bed- 
ding is greater than the resistivity 
measured with the current flowing 
parallel to the bedding. Since in 
electrical logging the formations are 
treated as being horizontal, these 
two resistivities are referred to as 
vertical and horizontal and desig- 
nated by the symbols Ry and Rg. 

With induction logging, the loops 
of induced currents circulate hori- 
zontally. Since, furthermore, at the 
level of shales, the relative effect of 
the borehole is usually very small 
(except in case of big caves), the 
resistivity read with the induction 
log is Ry. 

The normal or lateral devices, on 
the other hand, would also read R, if 
there were no borehole. The explana- 
tion of this apparently paradoxial re- 
sult can be found in Ref. 6. Compu- 
tations have shown that the effect of 
the borehole is to bring the apparent 
resistivity to a value higher than 
the value obtained with an isotropic 
medium of resistivity R,, all other 
conditions being the same. Accord- 
ingly, induction log readings in shales 
are very often lower than the read- 
ings of the conventional devices, in 
particular the 16-in. normal. The 
differences will vary with the hole 
diameter, the ratio Ry/R,, and the 
anisotropy of shales. Sometimes this 
difference reaches 30 per cent, which 
may correspond to an anisotropy co- 
efficient of about two. 


EFFECT OF THE Mup CoLUMN 


This effect has been investigated 
on a full scale laboratory model. A 
cylindrical vertical pipe, made of in- 
sulating material and filled with 
water, simulated the borehole. The 
measurements were conducted with 
the pipe in air. The borehole sig- 
nals accordingly were measured 
under the conditions of infinitely re- 
sistive formations. 

The essential results for the 40-in. 
sonde are shown in Fig. 5. In this 
figure, the distance of the sonde from 
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the side of the hole is plotted in 
abscissae, and the borehole signals 
in mmhos/m are plotted in ordinates. 
The solid curve and the dashed curve 
are related to 8- and 12-in. hole di- 
ameters respectively. The resistivity 
R, of the water in the hole is 0.5. 


EIGHT-INCH HOLE 


The borehole signal is equal to 
4.5 mmhos/m when the sonde is ap- 
plied to the wall and becomes zero 
at a distance of less than 1 in. from 
the wall. Accordingly, for usual hole 
diameters and for fresh mud, the 
borehole effect is nil when the sonde 
is maintained at a distance of 1 in. 
or more from the wall. This is easily 
accomplished by means of appropri- 
ate spacers. Even when the sonde lies 
on the side of the hole, the borehole 
signal is still reasonably small and 
can be neglected in practice when 
the formation conductivity is higher 
than about 50 mmhos/m (resistivity 
lower than 20 ohms-m). 


TWELVE-INCH HOLE 


The lowest value reached by the 
hole signal in a 12-in. hole is about 
5_mmhos/m with a centered sonde. 
Such an effect is negligible when the 
resistivity of the formation under 
study is comparatively low, but 
should be corrected for in highly re- 
sistive formations. 

The data plotted in Fig. 5 can be 
used to compute the borehole signal 
for other values of R,,, by a simple 
proportionality rule, when the sonde 
is centered or when R, is high. If the 
sonde is applied to the wall and R, 
is low, the values given by the chart 
are only approximate. 

In case of salty mud, the borehole 
signal becomes important, especially 
when the sonde is not centered and 
the induction log accordingly should 
then be used with caution.* 


EFFECT OF ADJACENT FORMATIONS 


Fig. 6, based on approximate com- 
putations, depicts the effect of ad- 
jacent formations on the induction 
log readings. Bed thicknesses are 
plotted in abscissae. The two scales 
in ordinates correspond to the ra- 
tios of the corrected values to the 
apparent values both in terms of 
conductivities (¢orr/o.) and in terms 
of ‘resistivities’ Each 


*With the earlier sonde, 5FF27, the bore- 
hole signal was appreciably greater than 
with the 5FF40, all other conditions being 
the same. This is one of the reasons why the 
40-in. induction log has been adopted as 
standard at the present time. 
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curve is traced for a given value 
of o,/o, or R,/R,, o, and R, denot- 
ing respectively the conductivity and 
the resistivity of the adjacent forma- 
tions. 

When R,/R, is less than one, i.e., 
when the bed under survey is less 
resistive than the adjacent beds _ 
(which is very frequent in consoli- 
dated or hard rock territories such 
as the Mid-Continent and Permian 
Basin), the chart shows that the cor- 
rection is always comparatively small: 
the correction never exceeds 20 per— 
cent when the thickness of the bed 
exceeds 4 ft, and becomes negligible 
above 5 ft. 

In the reverse case, when R,/R, is 
greater than one, as in formations 
bounded by shales, the correction for 
a very thin bed may become impor- 
tant when the bed is highly resistive. 
But very thin beds bounded by shales, 
when highly resistive, are usually 
too tight to be of any economic im- 
portance. On the contrary, highly 
productive beds have relatively low 
resistivities, and the readings do not 
require too great corrections. 


When the thickness of the bed is 
greater than 6 ft, the signal con- 
tributed by the adjacent formations 
tends to be minimized because of 
the interaction between the current 
lines induced into the ground, i.e., 
the “skin effect”.** The corrections 
for adjacent formations in general 
are small enough to be negligible. 
Further details on this question can 
be found in the Appendix (see in 
particular Figs. 18 and 19). 

The skin effect has no great in- 
fluence for bed thicknesses less than 
6 ft. It was neglected, for simplicity, 
in the computation of Fig. 6. 

Fig. 6 is related to a single homo- 
geneous bed. Quite often, the bed 
under survey is broken by one or sev- 
eral hard streaks. 

It is interesting to discuss the in- 
fluence of such streaks on the be- 
havior of the induction log and of 
the conventional curves, for compari- 
son. 

Fig. 7 shows the curves recorded 
in the following case: 

A conductive bed, of over-all 
thickness 160 in., is divided into two 
sections, A and A’, of thicknesses re- 
spectively equal to 80 and 40 in., by 
a hard streak B of thickness 40 in. 
The resistivity of the conductive por- 


tions is R, = .4 ohm-m, the resis- 


tivity of the hard streak is 40 ohms- 
m. Sections A and A’ may represent 


**The skin effect, mentioned here, should 
not be confused with a quite different phe- 
nomenon, which bears the same name, and 
which designates the additional pressure drop 
in a producing formation due to the altera- 
tion of the permeability by drilling and com- 
pletion techniques in the vicinity of the bore- 
hole. 


Ra 


9 06 o8 | 


12 14 16 
1 4 L 


Sand 


Shale 


Hole Diameter d=8" 


Mud Resistivity Rm = 2 ohms-m*/m 


Fic. 7—Inpuction Loc (40-1n.) NormMAL Curves RecorpeED THROUGH A~ WATER- 
BEARING Bep BROKEN BY A Harp Streak Invasion). THE INDUCTION 
Loc was Computed AND THE NormMAL Curves ARE LABORATORY DETERMINATIONS. 


205 


| 
| 5— 4 
\ 
Reorr, 
6 
SOU: 
3 
| 
| 
GY | | 
02 04 o6 os 12 14 ie te 22 
OA 7] 
/ 
2 6; 8 16 18 2 4 6 ye 
Uy, 
St hf, Rs=2 Rs=2 
\ 
@) 80 64 84 ih 
A “SSS 
Sand | 40" | Ro=4 
GY Rs=2 Rs=2 
YU 
/ 
YZ, \ 
YH 7 
Ys 


salt-water-bearing sands with 
negligible invasion. 

The resistivity of the adjacent for- 
mations R, = 2 ohms-m. The bore- 
hole diameter is 8 in., and the resis- 
tivity of the mud R,, = 2 ohms-m. 

The induction log was determined 
by computations, and the normal 
curves by measurements on a lab- 
oratory model. 

The 16-in. normal and the induc- 
tion log give the most accurate defi- 
nition of all the boundaries. The in- 
duction log reading is exactly the 
true resistivity (0.4 ohm-m) at the 
level of portion A, and is little higher 
(0.52 ohm-m) opposite A’. Section 
B is marked by a small peak, of re- 
sistivity 1.43. 

The short normal reads .64 and 
.92 respectively opposite A and A’ 
and gives a sharp peak of resistivity 
18.2, opposite B. 

With the 32-in. normal, the defi- 
nition of the upper and lower boun- 
daries of the bed is about as exact 
as with the induction log and the 
16-in. normal. Section B, whose 
thickness is slightly larger than the 
spacing, corresponds to a_ well 
marked and very thin peak, but of 
comparatively low resistivity (4.3). 
The readings at the levels of portions 
A and A’ are .84 and 1.4 respec- 
tively, against 0.4 for the true resis- 
tivity. 

The 64-in. curve gives an entirely 
false representation of the sequence 
of formations. Section B, which is 
highly resistive, corresponds to a 
sharp minimum of resistivity .28. 
Sections A and A’, which are con- 
ductive, correspond to two maxima 
of resistivities 1.4 and 1.8. 

The values read on the 32- and 64- 
in. normal curves opposite sands A 
and A’ are several times as high as 
the true resistivity. If the interpreta- 
tion were based on the readings of 
the 32- or 64-in. normal logs, these 
beds would be considered erroneously 
as containing hydrocarbons. The in- 
duction log readings are equal or 
very close to the true resistivity of 
the sands, and their interpretation is 
correct. 

The response of the lateral is not 
shown in the figure, but it is well 
known that the presence of a thin, 
hard section such as B would appear 
quite conspicuously on the curve, and 
would be accompanied by a “blind 
zone” extending over 15 ft below the 
thin resistive section. 

It can be concluded from the above 
that the only disadvantage of the in- 
duction log is that it does not show 
clearly thin, hard streaks that are 
well indicated by the lateral (such 
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streaks sometimes constitute useful 
markers for correlations). At any 
rate, they are also detected in full 
detail by the MicroLog. On the other 
hand, the presence of thin resistive 
beds disturb the responses of the long 
normal and the lateral in the vicinity 
of these beds. If the adjacent forma- 
tions are shales, the drawback is not 
important. But, if the thin, hard 
beds are in permeable sections, the 
distortion most often will preclude 
any reliable interpretation with the 
conventional logs. Such a defect does 
not exist with the induction log. 


EFFECT OF INVASION 


It has just been seen that the mud 
column and the adjacent formations 
have a small or even negligible in- 
fluence on the induction log. The de- 
parture of the induction log reading 
from the true resistivity value is 
caused chiefly by the presence of a 
deeply invaded zone. 


WATER-BEARING FORMATIONS 


The induction log reads very close 
to R,, if the diameter of invasion is 
less than 3d. This condition very 
often prevails in those regions where 
high porosity sands are predominant, 
such as the Gulf Coast, and/or low 
water loss muds are used. For deeper 
invasion, the departure from true re- 
sistivity is essentially a function of 
As explained in Ref. 7, Figs. 2, 3, 
and 4, in thick homogeneous beds and 
for fresh mud, the induction log has 
a greater radius of investigation than 
the 64-in. normal. Its radius of in- 
vestigation is greater or smaller than 
that of the lateral, depending on 
whether the formation factor is high 
or low (above or below 50). In any 
case, as will be shown later, the ef- 
fect of invasion on the induction log 
reading can be accounted for with 
the help of the 16-in. normal. Water- 
bearing beds, therefore, can be gener- 
ally defined without ambiguity, pro- 
vided invasion is not exceedingly 
deep, i.e., D; not greater than 10d. 

When the beds are thin, the re- 
sponse of the induction log is not 
appreciably different, since it is little 
affected by the adjacent formations. 
The situation is more complex with 
the long normal and the lateral, be- 
cause it is generally difficult to dis- 
criminate between the respective ef- 
fects of invasion and of adjacent 
formations’. 


OIL-BEARING FORMATIONS 


If an oil-bearing formation con- 
tains a high amount of interstitial 


water; i.e., if S,, is greater than about 
60 per cent, R, most often is appre- 
ciably lower than R,,, and there is 
no annulus present. Accordingly, the 
conclusions are the same as for water- 
bearing formations. 

For lower water saturation, it be- 
comes necessary to take the effect 
of the annulus into account. In or- 
der to assess this effect, computa- 
tions were made, using as a basis 
the mathematical determination of 
the distribution of fluids and resistivi- 
ties in the invaded zone, which was 
discussed previously. The effect was 
determined for various numerical 
values of the factors involved (initial 
water saturation, radius of invasion, 
Rns/Rw) 

It was found that, with the present 
40-in. induction log, the presence of 
the annulus has practically no in- 
fluence when the diameter of inva- 
sion does not exceed about 2d. For 
such a diameter of invasion, the in- 
vaded zone itself has also a negligible 
influence. The induction log accord- 
ingly gives the value of R, without 
correction. 


For deeper invasion, all other con- 
ditions being the same, the effect of 
the annulus increases and reaches a 
maximum when D, is equal to about 
4 to 5d, then decreases very slowly 
with increasing values of D,. 


The indications supplied by the 
computations have been applied to 
the interpretation of numerous field 
logs from various regions. The com- 
parison of the results of log inter- 
pretation and those of production 
tests has shown that, under usua! 
conditions, the computations seem to 
give a reasonable representation of 
the effect of the annulus. The com- 
puted results accordingly were used 
to determine the practical interpre- 
tation chart discussed later (Fig. 12). 


THEORETICAL DEPARTURE 
CURVES (FIG. 9) 


These curves were determined with 
the following assumptions: 


1. The formation is thick enough 
that the induction log and 16-in. 
normal readings are not affected by 
the adjacent formations. 


2. The annulus does not exist; or 
has a negligible effect (this assump- 
tion corresponds to the case of a 
formation with a high initial water 
saturation, ie., greater than about 
60 per cent, or with shallow inva- 
sion). 

3. The invaded zone is a homo- 
geneous medium of resistivity R,, 
and diameter D,. 
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4. The hole diameter is equal to 
8 in. 


Accordingly, the only factors 
which may affect the apparent resis- 
tivity are: (1) true bed resistivity 
R,, (2) mud resistivity R,, (3) in- 
vasion diameter D,;, and (4) flushed 
zone resistivity R,,. 

As stated before, the effect of the 
mud column on the induction log 
either is negligible, or can be cor- 
rected for easily with the help of the 
curves of Fig. 5. 


The corresponding correction for 
the 16-in. normal is obtained ap- 
proximately by means of the chart 
of Fig. 8, based on laboratory de- 
terminations for a hole diameter of 
8 in., and an infinitely thick non- 
invaded formation. The values of 
R,,/R» are entered in ordinates, and 
the corrected values are read in ab- 
scissae. 


The symbols R,, and R,, used in 
the following charts will designate 
respectively the readings of the 40-in. 
induction log and the 16-in. normal, 
after correction for the effect of the 
mud column. 

The factors which affect the induc- 
tion log and 16-in. normal readings, 
corrected for the borehole effect, 
are D,, R;, and 

Inasmuch as R,, can be deter- 
mined independently of the other fac- 
tors, by means of the MicroLog, or 
the MicroLaterolog, or from the 
known value of porosity, it is con- 
venient to refer all the resistivities to 
the value of R,,. The factors in- 
volved in the interpretation, in the 
final analysis, are Ri/Reo; 
R,/R,, and D,. It is, therefore, pos- 
sible to draw a single interpretation 
chart, whereby R,/R,, and D; can be 
determined from the measured values 
Of and (Fig. 


For reasons of practical conveni- 
ence, the reciprocals of the factors, 
i.e., Reo/Rr, Reo/R and R,./R; are 
used to determine the chart. The 
values of R,,/R, and R,,/Rr, are 
plotted in abscissae and in ordinates. 
The solid curves and~the dotted 
curves correspond respectively to 
constant values of R,,/R; and D,. 
(For each dotted curve, the value of 
D,; is shown in inches; the corre- 
sponding value of D,/d is also indi- 
cated, to comply with the customary 
notation used in other charts, depar- 
ture curves ...). For given measured 
values of R2./Rx, Roo./Ri, a point is 
plotted on the chart and the corre- 


*A similar chart has already been pre- 
sented (Ref. 8, Fig. 10), but for the com- 
bination of a 16-in. normal and 27-in. in- 
duction log. 
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sponding values of R,,/R, and D, 
are derived by interpolation. 
Fig. 9 calls for several comments: 
1. The values of R,,/R:, are not 
rigorously independent of R,, for 


each value of R,,/R, and D, the 
curves traced on the chart represent 
the averages of curves corresponding 
to various values of R,,/Rp. 

2. The induction log values en- 
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tered in the chart have been com- 
puted with the assumption that the 
mutual inductance among the cur- 
rent lines induced in the ground, i.e., 
the skin effect, is negligible. This 
assumption is correct when R, is not 
too low (not lower than 2 to 3 
ohms-m). For lower values of R;, to 
neglect the skin effect will entail 
some error, which is comparatively 
small, and does not affect the prac- 
tical results appreciably (Fig. 17.). 


3. Fig. 9 is limited to values of 
R,./R; greater than unity. As already 
stated, this is the usual situation in 
fresh mud. 


When R,,/R, is less than one, i.e., 
for muds with comparatively low 
resistivity, the tracing of the curves 
is such that the chart would not pro- 
vide a unique response. In other 
words, the combined tool 40-in. in- 
duction log—16-in. normal is not 
well adapted for the condition of 
comparatively salty muds, because 
the readings of the two devices are 
not sufficiently differentiated. For a 
better response, the induction log 
should be combined with the Latero- 
log. The combination 40-in. IL-LL 
is also well adapted for the case of 

4. If the presence of an annulus 
were taken into account, the shapes 
of the curves would be modified in 
the region corresponding to D, 
greater than 2d. Since the effect of 
the annulus, among other factors, 
depends on the value of R,,,;/R,, the 
chart of Fig. 9 should be replaced 
by several charts, each computed for 
a given value of R,,,/R,,. The pro- 
cedure for the interpretation, under 
this condition, would become compli- 
cated. However, by means of a some- 
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what different presentation of the re- 
sults, a practical interpretation chart 
has been devised which makes the 
interpretation easier and more con- 
venient, as explained below. 


PRACTICAL INTERPRETATION 
CHART (FIG. 12) 


The knowledge of R,,/R, is the 
basis for the determination of satura- 
tion, when that ratio is compared to 
the SP deflection, using the chart of 
Fig. 10. This chart is a reproduction 
of one already published (Fig. 5 of 
Ref. 9). 

It is possible to combine Figs. 9 
and 10 into a single chart which sim- 
plifies the interpretation. This can be 
done because Fig. 9 shows that the 
value of R,,/R; can be obtained from 
the value of R,./R;, when the depth 
of invasion is known. 

In Fig:-9, and are 
entered in abscissae and in ordinates 
on a log-log scale. Accordingly, the 
curves for constant values of R,./Ryz 


are straight lines with a 45° slope. 
Let AB be one of these lines, corre- 
sponding to Ry/Ri, = 3, for exam- 
ple. Each point where line AB crosses 
a curve of constant D; value deter- 
mines the corresponding value of 
R,./R;. For example, at point C, D; 
is equal to 3d (24 in.) and the chart 
gives R,,/R; = 8. Supposing D, lies 
between 2d (16 in.) and 10d (80 
in.), the following table is obtained: 


Rie/Rin = 3. Di = 2d (16 in.) Reo/Rt = 11 
3d (24 in.) 8 
5d (40 in.) 6.5 
7d (56 in.) 7 
10d (80 in.) 10.5 


The values obtained for D;/d = 2 
and D,;/d = 10 are very close (11 
and 10.5), and can be taken as being 
equal, as a first approximation. For 
each value of R,./R,, similar sets of 
values of R,./R, can be derived from 
Fig. 9, which range between minima 
for D,/d = 5 and maxima for D,/d 
= 2 or 10. The relationship between 
and R,,/R, is represented 
graphically in Fig. 11. The graph 
contains two curves corresponding re- 
spectively to D; = 5d and to D, = 
2d or 10d. 

This graph, in turn, can be used 
to transform Fig. 10 into the chart 
of Fig. 12 where R,./R,, is entered in 
ordinates instead of R,,/R;. In this 
transformed chart, each line for a 
constant value of saturation should 
become a narrow zone, limited by 
two curves corresponding to the ex- 
treme values of D;. The shaded area 
of Fig. 12 shows such a zone, traced 
for 100 per cent water saturation. In 
order to make the chart easier to 
read, the zones corresponding to 
other saturation values are simply 
represented by their median lines. 
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Two scales of saturation are indi- 
cated. These scales were determined, 
taking into account the effect of the 
annulus respectively, for moderate 
invasion (D, around 3d), and for 
deeper invasion (D, between 3d and 
5d). The critical line, which corre- 
sponds to 60 per cent water satura- 
tion for moderate invasion and 50 
per cent for deeper invasion, indi- 
cates the approximate limit above 
which production of clean oil is not 
likely. This line is determined from 
average empirical observations in 
sands and sandstones and may be 
subject to local revisions. 


The computations have shown that 
the chart will not give a unique sat- 
uration value when R,,,/R,, is small. 
It is, therefore, recommended not to 
use the chart below certain limiting 
values of R,x;/R,,, which are different 
depending on the depth of invasion: 
respectively 3 for D; = 3d and 5 for 
= 5d. 


APPLICATION OF THE CHART 
(FIG) 


For the application of this chart, it 
is necessary to be sure that the for- 
mation under study is actually per- 
meable. The SP log, of course, gives 
a good indication in this respect. 
However, deflections of the SP curve 
are often observed at the levels of 
formations which are practically im- 
pervious except for a few thin 
streaks. Since the SP deflection is size- 
able, the application of the chart will 
show these formations as being po- 
tential oil producers, whereas in fact 
they are merely tight and barren. The 
indetermination can be solved only 
by means of the MicroLog, which 
delineates the permeable zones ex- 
actly. 

The SP deflections plotted in ab- 
scissae correspond to the values of 
Rn;/Rw», according to the equation 
SP = —K log R,,,/R,,. As shown by 
Gondouin, et al, in a recent paper”, 
this equation is valid only when R,, 
lies within certain limits, namely be- 
tween about 0.08 and 0.3 at 75°F. 
When R,, is outside these limits, the 
correspondence between the R,,,/R.,, 
scale and the SP scales is no longer 
correct. It is necessary then to deter- 
mine R,,,/R, through the procedure 
explained in the said paper and to 
enter this value directly into the 
upper scale.* 

Generally, the ratio R,,,/R,, ranges 
from 10 to 25, so that the true resis- 


*This procedure is very simple and amounts 
to using one additional chart (Fig. 7 of Ref. 
10), which has been included in the book of 
“Tog Interpretation Charts’ (page A-12). 
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tivity, for usual water saturations, is 
lower than the resistivity of the in- 
vaded zone. For 30 per cent water 
saturation, for example, R, is equal 
to F -R,,/(0.3)* = 10 F - R,,, where- 
as R,, is at least equal to F - R,, 
(the effect of the residual oil satura- 
tion is to further increase this value). 
Accordingly R,,/R, is greater than 
R,;/10 R,, and therefore is greater 
than 1. On the other hand the resis- 
tivity R., of the annulus is smaller 
than R,. The invaded zone and the 
annulus accordingly tend to compen- 
sate to some extent their respective 
effects on the apparent resistivity. 
The compensation in certain re- 
gions is such that the induction log 
reading can be taken as giving the 
value of R, in oil-bearing formations 
with sufficient accuracy for all prac- 
tical purposes. Then, if the formation 


factor is known from the MicroLog — 


or Neutron log or from other sources, 
the water saturation can be com- 
puted through the usual formula: 


FR, \? 


where the induction log reading is 
entered in place of R,. It is, of 
course, necessary to ascertain first 
that the formation is oil bearing, by 
checking that the corresponding point 
plotted on the chart falls below the 
critical line. 

Whether this procedure is reliable 
enough or not is a question of local 
field experience. 

The shaded area defines the region 
where the points for 100 per cent 
water-bearing formations should plot, 
provided D, is between 2d and 10d. 
If the invasion is shallower than 2d 
or deeper than 10d, the point for a 
water-bearing bed will fall outside 
and below the shaded area, i.e., with- 
in the region corresponding to some 
oil saturation. Errors may, therefore, 
occur in interpretations made —by 
means of the chart when the depth of 
invasion goes beyond _ the limiting 
values indicated on the chart. 

The cases of very deep invasion, 
with D, greater than 10d, are com- 
paratively rare. Shallow invasion, on 
the contrary, is frequent in forma- 
tions with high vertical permeability 
and generally high porosity, as in 
many regions of the Gulf Coast, be- 
cause of the vertical segregation of 
the fluids in the invaded zone by the 
effect of gravity. 

One first consideration helps avoid 
interpretation error: if the induction 
log reads less than 0.7 ohm-m, the 
formation rarely contains hydrocar- 
bons in commercial quantity. 


Moreover, it is possible in general 


to check the information given by 
the chart, if the value of porosity is 
known (through the MicroLog or 
other source of information), by 
means of the following procedure: 

A certain value of F and hence of 
porosity can be computed from Eq. 1 
by entering the value of S,,, as given 
by the chart, and using the induction 
log reading instead of R,. 

The porosity value thus computed 
is compared to the known value. If 
the chart value for S,, is correct, then 
the computed porosity will be equal 
to the true porosity. If the S,, value 
read off the chart is too low, it can 
be shown that the computed porosity 
will be greater than the true porosity. 

Now the following steps depend 
on whether the invasion is very shal- 
low or very deep: 

1. Very shallow invasion—the in- 
duction log reads practically R,, and, 
since F is known, S,, can be deter- 
mined correctly by Eq. 1. 

2. Very deep invasion—the in- 
duction log reading is higher than 
R,. It is then possible, by successive 
approximations, to find what the in- 
duction log reading would be, for 
which the saturation read off the 
chart would correspond to the true 
porosity value. This saturation is the 
correct one. For a reliable applica- 
tion of the procedure in this case, the 
porosity should be known with great 
precision. 

This procedure can be referred to 
as a porosity balance, since the basic 
idea is similar to that of the material 
balance method used for the evalua- 
tion of reservoir performances. 

In case of shaly formations, the 
procedure used with the chart (Fig. 
10) is a simple geometrical construc- 
tion’, based on the facts that the lines 
for constant S,, values represent loga- 
rithmic functions of R,,/R;, and that 
the scale of ordinates is also loga- 
rithmic. With the chart of Fig. 12 
this construction, rigorously speak- 
ing, cannot apply, since the curves 
for constant S,, values do not repre- 
sent logarithmic functions but more 
complex functions of R,,/R,,. Never- 
theless, the error entailed in extend- 
ing to Fig. 12 the procedure used 
with Fig. 10 is not very great and 
apparently is acceptable, at least if 
the shaliness is not too great. 

Fig. 12 has been determined for 
beds of sufficient thickness for the 
effect of the adjacent formations to 
be negligible. If the bed under sur- 
vey is comparatively thin, the read- 
ings should be first corrected, not 
only for the effect of the mud col- 
umn, but also for bed thickness, 
before using them in this chart. 
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With the induction log, this latter 
correction is not necessary in prac- 
tice when the bed thickness is over 
6 ft. For thinner beds it can be 
easily determined by means of Fig. 
6, at least when the beds are neither 
exceedingly thin nor too resistive. 


With the short normal, the cor- 
rection for bed thickness is more 
complicated, because the effects of 
the borehole, of bed thickness, and of 
invasion on the readings are not inde- 
pendent of each other. For example, 
the correction for bed thickness will 
be different according to whether 
the bed is invaded or not. This ques- 
tion has been investigated at length 
in the laboratory, by means of an 
appropriate resistor network ana- 
log. The presentation of the com- 
plete results, added to the computed 
data already published”, would re- 
quire a voluminous set of charts. 

It has been nevertheless possible to 
condense these results into a few 
charts, at the cost of some lack of 
accuracy, by taking reasonable aver- 
ages among numerous curves (pages 
B-11, B-12, and B-13 of the book of 
“Log Interpretation Charts”). These 
charts indicate that the corrections 
are small or even negligible when 
formation resistivity is low, but be- 
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come very important for highly resis- 
tive formations, especially if the beds 
are thin. 

The above discussion shows that 
the interpretation of the induction- 
electrical log will be reasonably accu- 
rate only when the resistivities of the 
formations under investigation are 
not too high. The limitations are 
mostly due to the deficiencies of the 
short normal. For regions where high 
resistivities are the rule, the induc- 
tion-electrical log should involve the 
Laterolog instead of the 16-in. nor- 


mal. Tools of this type are stil 
under development. 


FIELD EXAMPLES 


Fig. 13 shows the induction-elec- 
trical log, the conventional resistivity 
curves and the MicroLog recorded 
in a sequence of sands and shales. 
Four intervals, denoted A, B, C, and 
D on the drawing, were tested for 
production; B yielding 106 BOPD 
and the others salt-water. 

The bottom-hole temperature was 
200°F, mud resistivity R, = 0.55 
ohm-m at BHT. Mud filtrate resis- 
tivity R,, = 0.45. 

The Static SP read at the level of 
A is —100 mv. The bed is divided 
into two portions by a thin streak 
(a) of low porosity, well marked on 
the MicroLog. This streak does not 
appear distinctly on the short normal 
curve, which gives an average read- 
ing of 6 ohms-m. It corresponds to 
a slight peak on the induction log, 
but does not affect practically the 
readings above and below, i.e., 1050 
mmhos/m and 850 mmhos/m on the 
conductivity curve. The average is 
950 mmhos/m, or a resistivity of 
1.05 ohm-m. Being given the thick- 
ness of the bed (18 ft) and the mod- 
erate resistivity contrasts, (R, = 1.5 
to 2 and R,, = 0.55 at BHT), there 
is no correction necessary for bore- 
hole effect and bed thickness. The 
interpretation, by means of the chart 
of Fig. 12 is shown in Fig. 14. 
Entering —100 mv in abscissae on 
the scale corresponding to 200°F, 
and Ry/Ri, = 6/1.05 = 5.7 in ordi- 
nates gives point A, within the area 
corresponding to 100 per cent water 
saturation. 

For Section B, the SP deflection is 
only —90 mv, due most likely to 
some shaliness in the formation. The 
ratio is = 2.6. Plotting 
the Pseudo-Static SP —90 mv in ab- 
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Scissae against 2.6 in ordinates gives 
point B’. A line traced through the 
origin of coordinates and point B’ 
crosses in B the abscissa of the static 
SP (—100 mv). Point B falls below 
the critical curve (the saturation 
given by the chart is around 50 per 
cent on the D; = 3d scale). 

Similar constructions can be made 
for Section C (PSP = —70 mv) and 
for Section D (PSP = —99 mv). 
Both points C and D fall within the 
area for 100 per cent water satura- 
tion. 

It is also interesting to compare 
the induction-electrical log and the 
other logs. 

The low porosity streak (a) within 
Section A, is thinner than the spac- 
ing of the long normal (64 in.) and 
accordingly gives a slight depression 
bounded by two peaks. Its effect is to 
increase spuriously the average read- 
ing of the long normal to a value of 
2.3 ohms-m, whereas, since the in- 
vaded zone is obviously more resis- 
tive than the uncontaminated zone, 
the true resistivity cannot be higher 
than the induction log reading, 1.05 
ohm-m. 

A similar feature is observed at 
the level of Section B, where the long 
normal reading again is brought to 
too high a value (3.2 ohms-m) by 
the presence of two thin, hard streaks 
(b) and (c). 


If Sections B and A, which re- 
spectively produced clean oil and 
salt water, are compared, the ratio 
of the readings is 2/1.05 = 1.9 with 
the induction log and only 3:2/2;3 = 
1.38, with the long normal. In fact, 
in the present instance, the discrimi- 
nation between oil and water in these 
two beds would be practically impos- 
sible with the long normal, even qual- 
itatively. It can be seen that the lat- 
eral would not be of great help 
either, because of the limited thick- 
ness of the beds and the distortions 
due to the hard streaks, 


Over beds B and C the respective 
readings are the following: 


64-in. N Lat. 
B 2 3.2 1.9 
11 17 1.8 


The induction log and the 64-in. 
normal in this case would differenti- 
ate oil and water with about the 
Same resolution. The lateral reads 
practically the same value in both 
cases. 


This example illustrates the advan- 


tage of the induction log to distin-— 


guish oil-bearing and water-bearing 
formations. The distinction is gen- 
erally suggested by a simple compari- 
son of the readings, and is further 
defined with the help of the interpre- 
tation chart. 


Well 2 (Fig. 15) is another exam- 
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ple of the detection of a water- 
bearing bed with the induction-elec- 
trical log. In this well, R,, was equal 
to 1.3 at BHT (162°F). Fig. 16 rep- 
resents the interpretation. 

The 16-in. normal and induction 
log readings do not need corrections 
for borehole effect and adjacent for- 
mations. The induction log reads 200 
mmhos/m or 5 ohms-m and the 
16-in. normal reads 14. The ratio 
Rye/Rr, = 14/5 = 2.8. 

The amplitude of the SP deflection 
is —62 mv, which can be corrected 
by about 10 per cent to take into 
account the limited thickness and 
the comparatively high resistivity of 
the bed. Entering --68 mv in abscis- 
sae, on the scale corresponding to 
162°F, and 2.8 in ordinates gives 
point A’ of Fig. 16, within the area 
for 100 per cent water saturation. 

In fact, the Static SP determined 
Over an interval sufficiently extended 
above and below the bed is equal to 
—80 mv. The bed under considera- 
tion, accordingly, must be somewhat 
shaly, and the deflection read at its 
level, after correction, is a Pseudo- 
Static SP. Correcting for shaliness 
moves the point from A’ to A, still 
within the shaded area. 

The sand was tested and produced 
only water. 

A visual inspection of the log, in 
the present instance, would have 
rather suggested oil saturation, be- 
cause of the comparatively high resis- 
tivity values. In fact, the high resis- 
tivities are likely to be due to high 
formation factors and deep invasion. 


CONCLUSIONS 


The induction-electrical log pro- 
vides for the first time a combination 
of the standard curves for correlation 
(16-in. normal and SP) along with 
a curve recorded with a focused de- 
vice having a deep radius of investi- 
gation (40-in. induction log). This 
combination is designed chiefly for 
the surveying of wells drilled with 
fresh muds. 

The essential document of the 
present paper is the chart of Fig. 12, 
submitted as a convenient guide for 
the practical interpretation of the in- 
duction-electrical log. 

This chart has been established for 
thick beds of low or moderate resis- 
tivity, on the basis of the responses 
of the 16-in. normal and 40-in. 
induction log, for a large range of 
values of the factors which define 
the geometry and the resistivities of 
the media involved in the measure- 
ments. In particular, the presence of 
the bank or annulus of formation 
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water behind the invaded zone has 
been taken into account, with some 
simplifying assumptions. 

The chart is approximate. Its ap- 
plication to field logs has shown, nev- 
ertheless, that, under usual condi- 
tions, it provides reliable help for 
the determination of saturation. 

The values entered into Fig. 12 
should be corrected beforehand for 
the effects of the borehole and the 
adjacent formations, when the beds 
are thin, and when the resistivities 
are comparatively high. Other charts, 
based on computations or laboratory 
experiments, have been provided for 
this purpose. While these corrections 
are generally easy with the induction 
log, they are more complex with the 
short normal. 


NOMENCLATURE 


= Hole diameter 

= Electrical equivalent diam- 
eter of the invaded zone 

= Apparent resistivity 

= Average resistivity of in- 

vaded zone 

= Mud resistivity 

Mud filtrate resistivity 

= Resistivity of surrounding 

formations 

= True formation resistivity 

= Resistivity of formation 

water 

= Resistivity of invaded zone 
close to the wall of the hole, 
where flushing has been 
maximum 

= Conductivity 

ROS = Residual oil saturation: oil 

saturation in the region 

close to the wall of the hole 

where flushing is maximum 


II 


3 


| 
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APPENDIX 


The chart of Fig. 6 covers the 
cases where corrections for bed thick- 
ness are really necessary in practice; 
i.e., where the bed thickness is 
smaller than 6 ft. Some readers, how- 
ever, have expressed the desire that 
the chart be extended for values 
above this limit. 

The purpose of the present Appen- 
dix is to provide some additional 
data in this respect. These data are 
based on an advanced mathematical 
analysis of the induction log re- 
sponse, involving the phenomenon re- 
ferred to as “skin effect”. Inasmuch 
as the skin effect influences not only 
the vertical resolution of the tool, but 
also—-albeit to a much lesser extent 
—the radial investigation characteris- 
tics, both aspects of the question will 
be reviewed in the following. 

In a previous publication’ the 
principles of induction log interpre- 
tation have been explained in terms 
of the cumulated response of hori- 
zontal ground loops encircling the 
axis of the sonde. The contribution 
of each unit ground loop is given by 
the product of its electrical conduc- 
tivity and a “geometrical factor’ as- 
sociated with the position of the par- 
ticular ground loop relative to the in- 
duction logging coil system. Geome- 
trical factors have been computed for 
each induction logging coil arrange- 
ment thus far introduced into field 
practice. 

As noted in Ref. 5, the use of the 
geometrical factor alone, in comput- 
ing the response of the induction log, 
takes no account of any interaction 
between the induced circular currents 
in any ground loop with those of 
other ground loops. It is justifiable 
to neglect any such interaction if the 
logging frequency used is not too 
high, or the formation conductivi- 
ties are not too great. 

If the formation conductivities are 
high, the interaction between cur- 
rents in the different ground loops 
may no longer be negligible. In this 
case the induction log response given 
by the geometrical factor computa- 
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tion can be considered only as a good 
first approximation. A more complete 
computation indicates an actual con- 
ductivity reading which is somewhat 
smaller than that given by the geo- 
metrical factor alone. The reduction 
in the induction log conductivity 
reading, due to interactions between 
the currents in the formation ground 
loops, is known as skin effect. 

This Appendix will present the re- 
sults indicated by the recently com- 
pleted mathematical studies for the 
Tesponse of the SFF40 sonde, in- 
cluding skin effect. Results for the 
thick invaded beds will be presented 
first (Fig. 17). 

Next, bed thickness correction 
charts will be given (Figs. 18 and 
19). These charts supplement the ap- 
proximate chart of Fig. 6. 

It is noteworthy that in the very 
common case of a resistive bed be- 
tween relatively conductive adjacent 
formations such as shales, the geo- 
metrical factor concept indicates that 
an appreciable conductivity signal 
will be produced by the adjacent 
formations, which would tend some- 
what to mask the response of the 
less conductive bed. The mathe- 
matical study shows that the skin 
effect tends to decrease or even prac- 
tically nullify the unwanted signal 
from the adjacent formations. 

The computations were made un- 
der the following simplifying con- 
ditions: 

1. For thick beds, space was sup- 
posed to be divided into two por- 
tions by a cylindrical surface coaxial 
with the logging sonde. The vol- 
umes outside and inside the cylinder 
represented respectively the uncon- 
taminated zone, of resistivity R, and 
the invaded zone, of resistivity Rj. 
The borehole was not taken into ac- 
count, since its contribution, in the 
case of a centered sonde in fresh 
mud, is negligible (Fig. 5). 

2. For thin beds, space was di- 
vided into three parts by two hori- 


- zontal planes. These planes repre- 


sented the boundaries of a non-in- 
vaded bed. In this case, also, the 
borehole effect was neglected. 

For the completion of the compu- 
tations, use was made of the IBM 
704 digital computer. 


THICK INVADED BEDS 


The results in thick invaded beds, 
when the skin effect is included in 
the computations, show how the ra- 
dial investigation characteristics of 
the induction log tool are affected. 
The relative importance of skin ef- 
fect in thick beds is shown in Fig. 
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17 (a, b, c, and d). Fig. 17 (a) is 
for a homogeneous case (no inva- 
sion, or R, = 17 
and d) are for diameters of invasion, 
D, of 2, 5, and 10 hole diameters re- 
spectively. 


As an index to show the influence 
of the skin effect on the induction 
log reading, use is made of the ratio 
Ra/R.. (ratio of the induction log 
resistivity reading computed from 
the geometrical factor alone, without 
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2 5 1.0 2 5 10 20 50 
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skin effect, to the induction log re- 
sistivity reading computed including 
skin effect). In Fig. 17 (a, b, c, and 
d), the ratio R,,/R., is plotted in or- 
dinates vs the resistivity R, of the 
non-invaded part of the formation in 
abscissae. In cases where the resis- 
tivity, R;, of the invaded zone has an 
appreciable effect on the value of 
the ratio R,,/R.., curves for various 
values of R,/R, have been drawn in. 

The curve for no invasion (Fig. 
17-a) shows that the induction log 
reading will never differ by more 
than a few per cent from the resis- 
tivity of a homogeneous bed, when 
the resistivity is greater than 1 ohm- 
m. This curve and the one for D; = 
2d (Fig. 17-b) are practically iden- 
tical, and the curve for D, = 5d 
(Fig. 17-c) is little different. It is not 
until a 10d invasion is reached (Fig. 
17-d) that the invaded zone resis- 
tivity R; has a conspicuous effect on 
the value of R.,/R.:, and then princi- 
pally for the lower values of R,. 

For invasions of 5d and less, and 
for R, greater than about 1 ohm-m, 
R.:/Ra is between .90 and 1. Within 
this range, which approximately 
brackets conditions encountered in 
the Gulf Coast, the deviation of 
R.,/R.. from unity is not too sig- 
nificant, and for practical purposes 
the skin effect in thick beds can be 
disregarded. Even for a 10d inva- 
sion R,,/R.. is greater than .85 for 
R, greater than about 2 to 3 ohms-m. 
This still generally includes the range 
of R, encountered in practice, since 
deep invasions are most often ob- 
served in formations with low poros- 
ity, i.e., with high formation fac- 
tors, and the higher values of R, are 
probably typical, in general, of the 
deeply invaded zones. 

The curves of Fig. 17 were drawn 
for the invaded zone resistivity 
greater to or equal to R,. In the case, 
usual only if the mud is salty, where 
R, is less than R,, the ratio R./R.: 
is, in practice, still closer to unity 
than indicated in these curves. 

No provision was made in the 
computations to allow for any ef- 
fect of an annulus of connate water 
which may occur between the in- 
vaded zone and the non-invaded zone 
in deeply invaded oil sands. But the 
skin effect is noticeable only when 
R, is low, i.e., high water saturation 
and, as explained in the paper, there 
is no annulus in such a case. The 
annulus builds up only when water 
saturation is low. The skin effect, in 
this case, does not affect the signal 
coming from the uncontaminated 
zone, because R, is high—and it is 
obviously negligible as regards the 
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signal of the annulus, because the 
radial extension of the annulus is 
small (about 1/5 of the diameter of 
invasion). 


THIN BEDS—.EFFECT OF 
ADJACENT FORMATIONS 


Figs. 18 and 19 show the effect 
of bed thickness on induction log 
readings. The bed thicknesses are 
shown in abscissae. In ordinates are 
plotted values of the ratio R..../Ro. 
For non-invaded beds, R..:. is the 
true resistivity R,. For invaded beds, 
R.orr 1s the resistivity which would 
be read if the bed were infinitely 
thick, all other conditions being the 
same. R, is the apparent resistivity 
read at the level of the bed. 


The heavy curves on each chart 
correspond to the values computed, 
including skin effect for various 
values of R,/R, (R. = apparent re- 
sistivity; R, = resistivity of adjacent 
formation). 

Since the skin effect depends on 
the absolute magnitude of the forma- 
tion conductivity, different values of 
R,, namely 16, 4, 1 and 0.25 ohm-m 
have been used in the computations. 
In Fig. 18 are shown charts for R, 
= 4 and R,=16 ohm-m, corre- 


sponding to the range of conditions 
most likely to be encountered in the 
Mid-Continent. In Fig. 19 are shown 
charts for R, =1 and R,= .25 
ohm-m, corresponding to the range 
of conditions most likely to be en- 
countered in the Gulf Coast. The 
values of 16 and 0.25 for R, are 
extreme, those most often encoun- 
tered ranging rather between 3 and 
5 for the Mid-Continent and between 
0.5 and 1 for the Gulf Coast. It can 
be seen that these charts, although 
they differ in detail, are similar in 
general character. 

On the chart for R, = 4 (Fig. 18) 
are shown for comparison, in light 
dashed lines, the curves as computed 
from the geometrical factor alone, 
without skin effect. The difference 
between the two sets of curves is par- 
ticularly striking for bed thicknesses 
ranging between 10 and 20 ft. Sup- 
posing a ratio R./R, of 20, for ex- 
ample, the correction with the geo- 
metrical factor curves reaches a value 
of 3.2 for 14 ft, whereas the true 
correction, as given by the solid 
curves, is only 1.2 for the same 
thickness, and reaches a maximum 
of 1.3 for 15 ft. 


Between about 5.5 and 9 ft, the 
correction factor is less than one, 
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which means that the apparent resis- 
tivity is too high. The correction, 
however, does not exceed 30 per cent 
for -R,/R, = 20, and is less for 
smaller values of R,/R,. It should be 
considered that a ratio R./R, of 20 
corresponds to R, = 80, which is 
above the limit for which induction 
logging provides a good accuracy 
of the measurements (this limit is 
about 50 ohms-m). 

Fig. 19 shows that in the case of 
the Gulf Coast the correction fac- 
tor is very close to unity for bed 
thickness greater than 10 ft. Also, 
between 6 and 10 ft, the correction 
factor is smaller than 1. In the Gulf 
Coast, the resistivity read at the level 
of thin beds with commercial produc- 
tion seldom exceeds 5 ohms-m, which 
corresponds to a range of R,/R, be- 
tween 5 and 10. The chart shows that 
under these conditions the correction 
is less than 30 per cent. 

For bed thicknesses under 5 ft, 
the result of the introduction of the 
skin effect is to slightly decrease the 


-corrections. When the bed is more 


resistive than the adjacent formations, 
these corrections may, nevertheless, 
still be very important, except when 
R./R, is not much greater than unity. 
Infact, this condition is generally 
fulfilled for good producing reser- 
voirs since, in order to obtain a good 
production for a bed thinner than 
5 ft the porosity should be very 
high, and accordingly the resistivity 
comparatively low. On the other 
hand, the induction log is not well 
adapted for the detection of thin, 
hard streaks which can be useful as 
markers for correlation, whereas such 
streaks are revealed sharply on the 
lateral curve and on the MicroLog. 

In hard rock territories, where 
most of the time the permeable sec- 
tions are included between tight, 
highly resistive formations, the skin 
effect is negligible. Since R, is less 


The derivation and use of the 
“practical interpretation chart” mer- 
its discussion. One clear advantage 
of this chart is its simplicity. But this 
very attribute, which is of course 
founded upon simplifying assump- 
tions and generalizations, would seem 
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than R,, it can be seen from Fig. 
18 (upper chart—dashed lines) that 
the correction for adjacent forma- 
tions is always very small, whatever 
the bed thickness. 


CHOICE OF R, IN BED 
THICKNESS CORRECTIONS 


Both for the normal reading and 
for the induction log reading, the 
ratio of the apparent resistivity of 
the bed to that of the adjacent forma- 
tions must be known in order to 
make the bed thickness correction. 
The formations adjacent to the bed 
being studied are quite often shales, 
and shales are known to be gener- 
ally anisotropic. As explained in the 
Paper, the induction log measures 
horizontal resistivity, and the value 
of R, to be-used in evaluating R,/ 
R,, for the induction log correction 
should be the horizontal resistivity, 
R,,. Since the normal device, because 
of the combined effect of the iso- 
tropic borehole and the anisotropic 
formations, reads a value greater than 


Ry, it is most desirable to read R,— 


from the induction log rather than 
from the normal curve. The fact that 
the induction log reading for R,, as 
taken directly from the log, may be 
slightly affected by skin effect will 
not introduce any great error, as 
shown on Fig. 17-a. 


CONCLUSIONS 


A more advanced mathematical 
treatment of the response of the in- 
duction logging sonde SFF40 has 
been made, taking into account the 
skin effect, i.e., the effect of the in- 
teraction between the current loops 
induced in the ground. 

The results of these computations 
are the following: 

1. The radial investigation charac- 
teristic of the induction log is prac- 
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to demand a certain caution in the 
chart’s application. [t might be noted 
here that not all of the assumptions 
inherent to the method are defined in 
this paper; several additional gener- 
alizations are present in the interpre- 
tation procedures outlined in Refs. 


tically the same as depicted by the 
earlier computations, based on the 
geometrical factor concept. The dif- 
ference becomes appreciable only for 
deep invasion and R, lower than 2 
to 3 ohms-m. 

The theoretical and practical in- 
terpretation charts (Figs. 9 and 12) 
therefore remain sensibly unchanged 
when the skin effect is accounted 
for, and can be used as they are in 
general. 

2. Effect of adjacent formations, 
R, > R,, (Bed bounded by shales) : 

a. Bed thickness greater than 10 ft. 
The presence of the adjacent 
formations reduces the apparent 
resistivity in the bed. When 
skin effect is considered, the 
reduction in reading is much 
smaller than could be inferred 

- from the computations based on 
the geometrical factor alone. 

b. Bed thickness between about 
6 and 10 ft. The net effect of 
the adjacent formations is to in- 
crease the apparent resistivity 
reading. 

In both cases, (a) and (b), 
the correction for bed thick- 
ness will rarely exceed 30 per 
cent and most often will be 
much smaller. 

c. Bed thickness lower than 5 to 
6 ft. The effect of the adjacent 
formations may become very 
great, except in case of low bed 
resistivity, which is the rule for 
very thin commercial reser- 
voirs. 

3. Effect of adjacent formations, 
R, < R,. (Case often found in lime- 
stone territories). 

The correction for bed thickness is 
not appreciably changed by the in- 
troduction of the skin effect. This 
correction is always small, even for 
very thin beds. 


9 and 10, which form component 
parts of the technique outlined in 
the present paper. 

The required caution is not neces- 
sarily engendered only by the as- 
sumptions implicit in the chart; all 
methods of log interpretation re- 
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quire the making of certain assump- 
tions and the use of average data to 
represent special conditions encoun- 
tered. However, persons responsible 
for log evaluation must continually 
bear in mind the effect which each 
possible error might have on the final 
results. It is important to realize that 
no such appreciation of errors can be 
maintained when using the method 
proposed in this paper. The assump- 
tions and generalizations are essen- 
tially “built in” the chart, thus af- 
fording little or no opportunity to 
evaluate the validity of the final re- 
sult. It is impossible for a user of 
the proposed method to evaluate the 
effect of errors in assumptions, or of 
the errors which might be introduced 
by approaching or overstepping the 
limits set for the technique. 

An idea of the importance of this 
point might be gained by listing cer- 
tain of the announced limitations and 
assumptions applicable to the deter- 


AUTHORS’ REPLY to P. E. JENSON AND 


The above paper is the first one 
dealing with the induction-electrical 
log combination, and an attempt has 
been made to present this new tool 
in the simplest manner. To achieve 
this end, simplifying assumptions 
have been used; but great care was 
exercised so that reliable solutions 
would be given to most problems. 

The restrictions to the practical 
chart are very much the same as the 
one found in the standard electrical 
log and MicroLog interpretations that 


The “Interpretation of the Induc- 
tion-Electrical Log in Fresh Mud” 
paper gives interesting information 
on the performance of the induction 
tool and on the interpretation of the 
results. It is felt, however, that the 
following points call for additional 
comments. 

According to the Appendix, Fig. 
6 is not accurate. Furthermore it 
covers only bed thicknesses up to 6 
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mination of a water saturation value 
in an oil-bearing formation: 

1. In the calculations of “annulus” 
characteristics, which govern the 
placement of the curves for S,, <100 
per cent in Fig. 12, the following are 
stipulated: (a) viscosity of oil is 
equal to water, (b) forces of gravity 
and capillarity are neglected, (c) ef- 
fects of diffusion are neglected, and 
(d) the actual method of computing 
annulus characteristics is not pre- 
sented and “will be given in another 
publication.” 

2. The water saturation in the in- 
vaded portion of an oil sand is equal 
to the fifth root of the in situ water 
saturation. 

3. As noted in the legend of Fig. 
12 itself, the method is applicable 
for: (a) thick beds of low and me- 
dium resistivity, and (b) R,,/R, 
must be > 3 for D, = 3d, and R,,,,/ 
R, must be > 5 for D; = Sd. 

4. Because of difficulty in correct- 


have been used for many years. An 
additional restriction is required con- 
cerning the ratio R,,,/R,, and some 
average conditions have been used 
for taking care of the salt water an- 
nulus effect. The fact remains that a 
Statistical study made in the Gulf 
Coast yielded an efficiency of 92 per 
cent for the results obtained with the 
practical chart, and this is a greater 
efficiency than obtained with any 
other methods available so far. 
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ft. Therefore the usefulness of this 
figure is not obvious and it would be 
appreciated if the authors would ex- 
plain its use. 


In the third paragraph of the sec- 
tion entitled “Water-Bearing Forma- 
tion,” the radius of investigation of 
the induction tool is compared to 
that of the 64-in. normal and of the 
lateral. Why this comparison is made 
is not clear and should perhaps be 


ing the 16-in. normal response, appli- 
cation of the chart is not recom- 
mended for thicknesses less than 5 ft 
or when R,,/R,, is greater than 25. 

It seems unrealistic to resort to the 
“porosity balance” method of con- 
firming saturation values obtained 
from the chart since, if data required 
for the method are available, stand- 
ard interpretation methods involving 
only the use of a corrected resistivity 
from the induction log may be used 
directly. 

In regard to determination of true 
formation resistivity, data pertaining 
to electrical skin effects on induction 
log response for cases of invasion 
and thin beds given in the Appendix 
are noteworthy contributions to the 
understanding of this logging tool. 
However, it remains to verify in 
practice the mathematical treatment 
of this subject, particularly as re- 
gards invasion. 
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When conditions do not permit the 
use of this practical chart, one can 
always go back to the standard type 
of interpretation practiced in the 
past: i.e., making use of R,, R,, and 
F. The use of the porosity balance 
has been found of good use in many 
cases. In the case of deep invasion, 
the standard methods of interpreta- 
tion give erroneous solutions; and a 
discussion of the results can usually 
point out the trouble. 
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explained. Also, it would be of inter- 
est to the reader if the approximate 
radius of investigation of the induc- 
tion tool were specified. 

In the section entitled “Oil-Bear- 
ing Formations,” the last sentence of 
the third paragraph implies that no 
correction for bed thickness is 
needed, which does not seem to be 
correct. 

In the section entitled “Theoretical 
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Departure Curves,” the first sentence 
of the second paragraph under (3) 
implies that when R,,/R, is less than 
one, the mud must have a compara- 
tively low resistivity. This is not true. 
In fact this case also corresponds to 
a fairly large number of petroleum 
reservoirs drilled with fresh mud. 


The Appendix shows that the in- 
fluence of the skin effect is fairly 
large in some instances, for example : 
in case of a resistive bed be useful also if the au- 
in a shale formation of 1 ohm-m re- thors would explain how R, should 
sistivity. The Appendix would be be processed for use with Fig..12 
more valuable if examples were given when R,, D,, and R, have to be taken 
substantiating the discussion, and if into account. 


the method used to derive the data 
were outlined. 
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Fig. 6 may not be exactly accurate, 
but it is sufficient. 

The investigation of the induction 
log has been the subject of a paper 


given in Ref. 7. The examples in the Paper show 

The theoretical departure curve clearly the application of Pigs 12 
does not apply in oil sands of low which is, of course, very straightfor- 
water saturations where R,,/R; <1. ward. 
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Calculation of the Depletion History and Future 
Performance of a Gas-Cap-Drive Reservoir 


DRA CT 


The production history of a gas- 
cap-drive reservoir was reproduced 
by calculations, and predictions were 
made for operations under primary 
depletion, pressure maintenance by 
gas injection, and pressure mainte- 
nance by water injection. Although 
the general equations used in this 
analysis have been available to the 
industry for a number of years, the 
procedure has not had extensive use 
because of the unusually large time 
requirements for developing numer- 
ical results. The use of digital com- 
puting equipment for processing the 
calculation work generally reduced 
the time usually required for an 
extensive analysis of this type. Cal- 
culation techniques were developed 
that were equally applicable for 
solving the gas-cap-drive problem, 
whether digital computing equipment 
or desk calculators are used. These 
techniques are outlined and the pro- 
cedures are illustrated by the field 
problem. 


INTRODUCTION 


The analysis of a gas-cap-drive res- 
ervoir requires the simultaneous so- 
lution of the volumetric balance’ and 
displacement” equations. Equations 
for the analysis of combination drive 
reservoirs were presented by Wooddy 
and Moscrip in a previous paper.’ 
These equations permit the evaluation 
of possible operating processes in or- 
der that the optimum method of pro- 


Original manuscript received in Society of 
Petroleum Engineers office on Aug. 8, 1956. 
Revised manuscript received April 2, 1957. 
Paper presented at Petroleum Branch Fall 
Meeting in Los Angeles, Oct. 14-17, 1956. 

1References given at end of paper. 
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ducing the reservoir may be deter- 
mined. Although these equations rep- 
resent the basic technique known for 
the detailed analysis of gas-cap-drive 
reservoirs, the calculation processes 
are quite complex and time consum- 
ing; hence, the procedure has not had 
extensive use. 

Recently, these equations were sat- 
isfactorily applied with the aid of a 
digital computer to investigate the 
completion history of a gas-cap-drive 
reservoir under the following oper- 
ating methods: primary depletion, de- 
pletion under full pressure main- 
tenance by gas injection, and deple- 
tion under full pressure maintenance 
by water injection. The use of digital 
computing equipment substantially 
reduced the time necessary for mak- 
ing the computations and permitted 
a more concise investigation of the 
reservoir’s depletion history than was 
possible when the desk calculator 
was used. This more rigorous inves- 
tigation also permitted a detailed 
analysis of the calculation procedures 
necessary in the solution of the gas- 
cap-drive problem. This paper out- 
lines the procedure of analyzing a 
gas-cap-drive reservoir and illustrates 
the process with an actual field prob- 
lem. 


CHARACTERISTICS OF THE 
RESERVOIR ANALYZED 


Production in the field under con- 
sideration is obtained from a Frio 
formation of Oligocene age at a 
depth of approximately 5,740 ft sub- 
sea. The accumulation, which is 
bounded on the flanks by strand 
lines, is semirectangular in shape 
with gentle narrowing toward the 
base of the structure as shown by 
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the sand limits and completion map 
in Fig. 1. The reservoir development 
indicates an oil column of 319 ft 
that is defined by gas-oil and oil- 
water contacts. Basic data relative to 
the characteristics of the formation 
and the formation fluids are shown 
in Table 1. The formation exhibits 
considerable shaliness and thinning 
near the oil-water contact indicating 
that little or no benefit will be re- 
ceived from natural water influx. 
This is substantiated by the fact that 
wells completed near the original oil- 
water contact have not produced 
water. A sizeable gas cap is present; 
however, considerable faulting is in 
evidence, and it is believed that only 
a limited portion of the gas cap will 
aid in oil displacement and pressure 
maintenance. 

Although the reservoir was in an 
initial stage of depletion, it was be- 
lieved that as soon as the equilibrium 
gas saturation in the oil zone was ex- 
ceeded and a number of upstructure 
wells were invaded by the expanding 
gas cap, the resulting high gas-oil 
ratio production would rapidly dissi- 
pate the natural drive and lead to 
limited oil recoveries and inefficient 
reservoir operation. This analysis 
evaluated the effectiveness of the 
primary displacement mechanism and 
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determined the benefits of full pres- 
sure maintenance operations by gas 
and water injection. To provide a 
basis for an economic comparison of 
the various plans considered and to 
permit application of the results in 
future planning of field operations, 
the analysis for each plan of opera- 
tion was made in sufficient detail to 
portray the performance of the res- 
ervoir throughout future operations. 


PREPARATION OF BASIC 
RESERVOIR DATA 


The preparation of basic reservoir 
- data used in making an analysis with 
a digital computer corresponds to 
that required in making an analysis 
with desk calculators. A list of the 
data used in the study is shown in 
the Appendix. All graphical informa- 
tion that is a function of pressure, 
water saturation, or gas saturation 
was reproduced in the form of poly- 
nominals determined by a method 
presented by Rachford and Schultz‘. 
This procedure permitted rapid intro- 
duction of data to the machine com- 
putation and eliminated the necessity 
of making repeated visual interpola- 
tions from graphical or tabular ma- 
terial. An example of the accuracy 
to which the data can be reproduced 
in polynominal form is shown for the 
relation of B,/B;; vs pressure in 
Table 2. 


CALCULATION OF PAST 
RESERVOIR PERFORMANCE 


The purpose of calculating the 
past performance of a reservoir is 
to establish a basis for making re- 
liable predictions of its future per- 
formance. These calculations are di- 
vided into two parts: (1) matching 
the calculated pressure-production 
history as determined from the ma- 
terial balance equation with the re- 
corded pressure and production 
values, and (2) matching the gas 
displacement history as calculated by 
the displacement equations with the 
actual displacement progress that has 
been observed. 

With reference to the reservoir 
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25 
19,496,000 
13,969,000 

1,460,000 


analyzed, volumetric balance calcu- 
lations were needed to determine 
which portions of the gas cap were 
in communication with the oil zone 
and to substantiate the belief that 
the reservoir had no natural water 
drive. In the volumetric balance cal- 
culation, it was considered that only 
the gas-cap segment nearest the oil 
zone was in communication. Thus 
the original volumes of gas-cap gas 
and reservoir oil considered in the 
volumetric balance amounted to 14,- 
278,000 and 26,489,000 bbl, respec- 
tively. The material balance compu- 
tation resulted in the calculation of a 


negligible amount of gross water in-_— 


flux throughout the reservoir’s pro- 
ductive history with the amount of 
influx being sufficiently small to per- 
mit the calculation of no water in- 
flux if minor adjustments to the ob- 
served pressures were made. These 
results were sufficiently conclusive to 
prove the previous assumption that 
the reservoir did not have a water 
drive and-to indicate that only one 
segment of the gas cap was in ¢om- 
munication with the oil zone. Before 
proceeding to the displacement phase 
of the calculation, slight revisions to 
the observed reservoir pressures were 
made such that the water influx cal- 
culated for each pressure survey per- 
iod was zero. The results of these 
small pressure adjustments are shown 
in Fig. 2. 

Displacement calculations were 
made for the past periods of produc- 
tion to determine the efficiency of 
the gas displacement process and the 
reliability of laboratory measure- 
ments for use in making future reser- 
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TABLE 2—COMPARISON OF CALCULATED AND | 
GRAPHICAL VALUES OF B:/Bti 


Pressure Bi/Bti 

__Psig Graphical Calculated 
1,800 1.208 1.2077 
1,890 1.176 1.1759 
1,980 1.146 1.1473 
2,070 1.122 1.1216 
2,160 1.099 1.0984 
2,250 1.078 1.0776 
2,340 1.059 1.0589 
2,430 1.042 1.0421 
2,520 1.026 1.0268 
2,610 1.013 1.0128 


voir predictions. The history of the 
reservoir was divided into two per- 
iods having approximately the same 
amount of production in each period. 
The saturation distribution in the res- 
ervoir at the end of each period was 
calculated by substituting applicable 
laboratory data and observed pres- 
sure-production data in the displace- 
ment equations in the order in which 


they are presented in the Appendix. 


Normally, if a number of upstruc- 
ture wells have been invaded by the 
expanding gas cap, the shape of the 
calculated saturation-distance curve 
and the positions of movement of 
the gas-oil contact may be checked 
by comparing the observed gas-oil 
ratios at the end of each period of 
production with the calculated gas-oil 
ratios. The calculated ratios are de- 
termined from values of gas satura- 
tion taken from the saturation-dis- 
tance curve corresponding to the re- 
spective completion intervals. If the 
actual gas-oil ratios of the invaded 
wells were less than the calculated 
ratios or if more wells were actually 
invaded than the calculated satura- 
tion-distance curve indicated, a lower 
displacement efficiency actually oc- 
curred than that which was com- 
puted. These differences may be re- 
solved by introducing an appropriate 
value of conformance into Eq. 7. 


Because only 1 of the 25 wells in 
the example reservoir had been in- 
vaded by the expanding gas cap, the 
reservoir conformance could not be 
satisfactorily evaluated by comparing 
the calculated and observed gas-oil 
ratios in this single completion. As 
the efficiency of oil displacement by 
gas is affected by the amount of gravi- 
tational segregation between the two 
fluids that takes place during the dis- 
placement process, evaluation of the 
pressure gradient being experienced 
at present rates of withdrawal pre- 
sents a satisfactory determination of 
the degree to which the calculated 
and observed displacement process 
conforms. Solution of an adaptation 
of Darcy’s law indicated the reser- 
voir was producing with an average 
permeability of 55 md as compared 
to 165 md determined from labora- 
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Original and Saturation Pressure, 2,700 

Average Pressure on Novy. 1, 1955, psig we e 2,410 

Original Dissolved Gas-Oil Ratio, cu ft/bbi 659 
Volume of Oil Zone, acre-ft___ 3 20,987 
Volume of Effective Gas Cap, acre-ft. 10,883 

Average Porosity, per cent... vers 23 

Average Connate Water Content of Oil Zone, per cent... a act 28 
| Average Connate Water Content of Gas! Zone; ‘percent... 
Original Oil in Place, stock-tank bbl... | 
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tory measurements. This indicated 
that the effective gravitational force 
would be one-third the amount dic- 
tated by the cores analyzed. 


PREDICTION OF FUTURE 
RESERVOIR PERFORMANCE 


The proration policies to be con- 
sidered and the restrictions to be im- 
posed on production and injection 
rates during each phase of the reser- 
voir’s depletion should be determined 
prior to initiating calculations of fu- 
ture reservoir performance. Gener- 
ally, a gas-cap-drive reservoir will be 
subjected to at least two of the fol- 
lowing three phases of depletion: (1) 
production as an oil reservoir by 
primary depletion, (2) production as 
an oil reservoir by pressure main- 
tenance, and (3) depletion as a gas 
reservoir when oil production opera- 
tions become uneconomical. 

The restrictions that should be 
considered for each of these phases 
are as follows: 

1. Primary depletion as an oil 
reservoir. 


a. Well capabilities and 
maximum reservoir or 
per well rates. 

b. Penalty restrictions inci- 
dent to high gas-oil ratio 
production. 

c. Allowable transfer pro- 
visions. 

d. Economic limit of oil pro- 
duction operations. 


2. Production as an oil reser- 
voir by pressure maintenance. 

a. Well capabilities and 
maximum reservoir or 
per well rates. 

b. High gas-oil ratio penalty 
and net ratio provisions. 

c. Allowable transfer provis- 
ions. 

d. Maximum injection rates 
(dependent upon the size 
of compressor or water 
injection facilities, avail- 
ability of injection fluids, 
and the injectivities of the 
input wells). 

e. Economic limit of injec- 
tion and oil production 
operations. 

3. Depletion as a gas reservoir 
when oil production operations be- 
come uneconomical. 


a. Well capabilities and 
number of wells to be 
employed. 


b. Estimated market de- 
mand for gas. 

c. Restrictions on oil and 
gas production rates. 


PREDICTIONS OF PRIMARY 
DEPLETION 

Predictions of operations under 
primary depletion for the exampie 
reservoir considered a projection cf 
the limitations on production cur- 
rently being experienced. Under pres- 
ent operations, the maximum per 
well allowable is 60 B/D subject to 
approximately 17 producing days 
per month and the penalty gas-oil 
ratio is 2,000 cu ft/bbl. Transfer 
rules provide that allowables for high 
gas-oil ratio wells may be transferred 
to wells on the same lease having 
lower ratios under the restriction 
that wells receiving the transfer can- 
not produce more than twice their 
normal allowable. Although there 
was a division in royalty ownership 
for the leases embraced by the res- 
ervoir, it was assumed that royalty 
pooling would be accomplished and 
maximum use of the allowable trans- 
fer rule could be made irrespective 
of lease lines to minimize high gas- 
oil ratio production. Gas depletion 
operations were assumed to be initia- 
ted when the reservoir oil production 
rate had declined to 85 B/D. It was 
considered that a sufficient gas mar- 
ket would be available to deplete the 
gas reserve within approximately 10 
to 12 years. 

The initial step in predicting reser- 
voir performance for a given period 
of production was to fix the pressure 
of the oil and gas zones at the end 
of the period for which the calcula- 
tions are to be made. Pressure steps 
of 200 psi were used down to a 
pressure of 1,500 psi, where gas de- 
pletion operations were considered to 
be initiated. During gas depletion op- 
erations, pressure decrements of 300 
psi were used. The saturation changes 
that occur in the previously invaded 
portions of the reservoir during the 
next period of production are caused 
by shrinkage of the oil remaining be- 
hind the gas-oil contact and the dis- 
placing action of the invading gas. 
These two processes occur simul- 
taneously in the reservoir during the 
entire period; however, to simplify 
the calculation, the oil saturation ex- 
isting in the gas invaded portion of 
the reservoir was reduced by the 
amount of shrinkage before the dis- 
placement calculations were made. 
This saturation reduction was ac- 
complished by multiplying the oil 
saturation at several points along the 
saturation-distance curve by the ra- 
tio of the differential shrinkage fac- 
tors for the pressures at the end and 
beginning of the period. 


The saturation-distance profile and 
the position of the gas-oil contact 
at the end of the production period 
was assumed. From the position of 
the various wells on the estimated 
saturation-distance curve, the number 
and amount of allowable transfers 
and the number of wells that should 
continue to be produced were de- 
termined. Considering the oil and 
gas saturations in the various wells 
during the step, a production sched- 
ule was prepared-depicting the aver- 
age rate of oil and gas withdrawals. 
Quantities evaluated at this point 
were as follows: 


1. Average oil production rate 
from the total reservoir. 


2. Average oil production rate 
from the uninvaded portion of the 
reservoir. 


3. Average oil production rate 
from each segment previously in- 
vaded. 


4. Average gas-cap-gas production 
rate for each segment previously in- 
vaded. 

5. Average gas-cap-gas production 
rate for the segment to be invaded 
during the period. 


6. Average gas-cap-gas production 
rate for wells completed in the gas 
cap, if any. 

The time required to complete the 
future period of production being 
considered was estimated. The pres- 
sure-production schedules for the per- 
iod were then applied in Eq: ‘2 to 
compute the gas saturation in the 
uninvaded portion of the reservoir at 
the end of the period. This equation 
was solved by a trial-and-error pro- 
cedure. A satisfactory solution to the 
equation was indicated when the ra- 
tio of the gas to oil permeabilities 
assumed for the computation equalled 
the ratio of these permeabilities at 
the gas saturation calculated. From 
the proportions 
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oil, dissolved gas, free gas, and gas- 
cap-gas production for the period 
were calculated from the volumetric 
balance equation. These volumes 
were divided by their respective pro- 
duction rates to obtain the calculated 
time for completion of the produc- 
tion period. If the calculated time 
did not agree with the assumed time, 
then a new estimate was made and 
the previously described calculations 
were repeated until the difference 
was rectified. 
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After the average gas saturation in 
the uninvaded oil zone had been de- 
termined and the volumetric balance 
equation was computed, Displace- 
ment Eqs. 3 through 7 were solved 
for each of the segments previously 
invaded. The distances of advance of 
the gas saturations were determined 
from Eq. 5. These distances were 
added to the saturation profile for 
the previous period that had been 
adjusted for oil shrinkage to deter- 
mine a calculated saturation-distance 
profile at the end of the period. 
After the profile for a segment was 
determined, the average saturation 
remaining in that segment was com- 
puted graphically for use in calculat- 
ing the gas displacement diagram in 
the succeeding segment. 

The saturation profile was calcu- 
lated and plotted a sufficient distance 
to include all of the segment being 
invaded. The average gas saturation 
under the displacement diagram for 
this segment was determined graphic- 
ally for various assumed positions of 
the gas-oil contact. These average 
saturations were plotted vs their re- 
spective gas frontal positions for sub- 
sequent use in determining the posi- 
tion of the gas-oil contact at the end 
of the period. Eq. 8 was then calcu- 
lated to determine the volume of gas 
entering the segment being invaded. 
The resulting volume of gas was sub- 
stituted in Eq. 9 to compute positions 
of the gas-oil contact for various as- 
sumed average gas saturations. These 
positions of the gas-oil contact were 
plotted vs their respective values of 
average gas saturation on the pre- 
viously prepared graph. The intersec- 
tion of the two curves was the cor- 
rect position of the gas-oil contact. 

At the conclusion of this series of 
trial computations, a check was made 
to determine if any mathematical er- 
rors existed. Eqs. 24 and 25 were 
used to calculate the amounts of oil 
and gas in place from the satura- 
tion diagram at the beginning and 
end of the period. Differences be- 
tween the respective volumes at the 
beginning and end of the period were 
the amounts of oil and gas produced. 
A satisfactory mathematical check 
was indicated when the volumes of 
oil and gas calculated from the dis- 
placement diagram agreed within 2 
per cent of the production for the 
period as calculated by the volume- 
tric balance equation. 

If, at the conclusion of the com- 
putations, the calculated saturation 
profile did not correspond with the 
profile and gas frontal position as- 
sumed, a new estimate of the profile 
was made and all of the previously 
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described calculations were repeated 
until a match was obtained. When 
a satisfactory match was obtained, 
the preceding calculation procedure 
was used to evaluate the remaining 
periods of production to the time of 
reservoir abandonment. A flow chart 
outlining the procedure employed in 
predicting future periods of produc- 
tion by primary depletion is shown 
in Fig. 3. 


PREDICTIONS OF DEPLETION BY 
FULL PRESSURE MAINTENANCE— 
Gas INJECTION 


Predictions of future reservoir per- 
formance under gas injection incor- 
porated the following assumptions: 

1. Maximum per well allowable of 
60 B/D subject to 17 producing days 
per month. 

2. Sufficient gas would be injected 


to maintain the reservoir pressure at fe 


its present level. 

3. Production rates would be cur- 
tailed in a sufficient amount to per- 
mit constant pressure operations at 
a maximum injection rate of 4,000 
Mcf/D_ 

4. Royalty pooling would be ac- 
complished and allowable transfers 
would be used irrespective of lease 
lines to minimize high gas-oil ratio 
production. 

5. Gas depletion operations would 
begin when the reservoir oil produc- 
tion had declined to 110 B/D. 

6. A sufficient gas market would 
be available to complete the gas de- 
pletion phase in 10 to 12 years. 

The procedure for calculating fu- 
ture reservoir performance by gas 
injection involved only slight modi- 
fications of the procedure outlined 
for predictions of primary depletion, 
but was considerably less involved 
because the reservoir pressure was 
maintained constant. The calculation 
was further simplified by virtue of 
the gas saturation in the uninvaded 
oil zone being at equilibrium where 
it was maintained by constant pres- 
sure operations. 

Upon fixing the pressure level at 
which the reservoir was to be main- 
tained, an estimate was made of the 
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position and shape of the gas satura- 
tion-distance profile at the end of 
the first period of future production. 
From the anticipated movement of 
the saturation front, an estimated 
production schedule was prepared 
for the period. From these estimated 
average oil and gas-cap production 
rates, Eqs. 10 and 11 were solved to 
determine the average total daily gas 
injection rate and the average daily 
extraneous gas requirements for the 
period being considered. If the aver- 
age total daily gas injection rate ex- 
ceeded the specified limitation or if 
the average daily extraneous gas re- 
quirements exceeded the availability 
of extraneous gas, then a revised pro- 
duction schedule was prepared and 
the above calculations were repeated 
until the injection requirements came 
within the desired limits. 

An estimate was made of the time 
required to complete the period that 
was thought to be compatible with the 
estimated movement of the gas front. 
The quantity of gas injection and oil 
and gas production was determined 
by multiplying the time estimate by 
the respective rates determined from 
the production schedule. The satura- 
tion-distance profile was computed in 
a similar manner to that described 
for primary depletion operations by 


Solving the displacement equations in 


the order 12, 13, 5, 6, 7, 14, and 15 
as shown in the Appendix. At the 
conclusion of a complete series of 
computations for a period of produc- 
tion, the mathematical check calcu- 
lations were used to prove that no 
errors existed. Finally, if the calcu- 
lated saturation profile did not cor- 
respond with the estimated profile, a 
new estimate was made and the cal- 
culations were repeated until a match 
was obtained. An outline of the pro- 
cedure for calculating a period of 
production for full pressure main- 
tenance under gas injection is pre- 
sented in Fig. 4. 

When reservoir predictions had 
been made to the point where the 
oil production became uneconomical, 
it was assumed that the reservoir 
would be produced as a gas reserve. 
Predictions of reservoir performance 
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for each period of production in the 
gas depletion phase were made in 
the same manner as the predictions 
were made for primary depletion. 


PREDICTIONS OF DEPLETION BY 
FULL PRESSURE MAINTENANCE— 
WATER INJECTION 


In the predictions for pressure 
maintenance by water injection, the 
following assumptions were made: 


1. The maximum reservoir allow- 
able would be maintained as the 
water front advanced with the limi- 
tation that wells producing the allow- 
able could not produce at a rate ex- 
ceeding twice the normal top per 
well allowable of 60 B/D (subject to 
17 producing days per month). 

2. The reservoir pressure would 
be maintained at its present level and 
water would be injected into the two 
oil completions nearest the oil-water 
contact. 


3. After the upstructure row of 
wells have been watered out, gas de- 
pletion operations would be made 
through wells to be completed later 
in the gas cap. 

4. A sufficient gas market would 
be available to complete the gas de- 
pletion phase in 10 to 12 years. 


The procedure for calculating fu- 
ture reservoir performance under a 
water injection program was consid- 
erably less complex than the proce- 
dures used for primary depletion in 
that: (1) the displacement fluid was 
non-compressible, (2) the reservoir 
pressure was maintained constant, 
(3) the gas saturation in the unin- 
vaded oil zone was maintained at 
equilibrium, and (4) there was no 
free gas production from the gas 
cap. The calculation technique for 
water injection operations was the 
same as that outlined for gas injec- 
tion operations in Fig. 4. Modifica- 
tions of the volumetric balance and 
displacement equations used for 
making these predictions are shown 
in the Appendix in the order they 
were solved. In addition to the cal- 
culation made for the movement of 
the water displacement front, a 
computation was made to determine 
the changes that the gas-oil contact 
should undergo as a result of gravi- 
tational segregation. This computa- 
tion was made to determine the num- 
ber of wells currently penetrating the 
gas invaded portion of the reservoir 
that might later be recompleted as 
low gas-oil ratio producers. This cal- 
culation was made by solving the gas 
displacement Eq. 5 at future periods 
by assuming that current gas-cap ex- 
pansions had occurred over the en- 
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tire time period from the date of 
initial reservoir production to the fu- 
ture date under consideration. 


RESULTS OF THE RESERVOIR 
STUDY 


The reservoir was found to be pro- 
ducing under the combined influence 
of gas cap and solution gas-drive 
mechanisms. The study indicated that 
no natural water drive existed and 
that only one segment of the gas cap 
was in communication with the oil 
zone. The volume of gas originally in 
the effective gas cap was determined 
to be 13,970 MMcf. 


The saturation-distribution changes 
that should occur in the reservoir if 
it is produced under primary deple- 
tion, gas injection, or water injec- 
tion operations are shown in Figs. 5, 
6, and 7, respectively. The study in- 
dicated that the ultimate oil recovery 
by primary depletion methods will 
amount to 28 per cent of the oil 
originally in place and that the re- 
maining life of the reservoir will be 
40 years. Under gas injection opera- 
tions, an ultimate oil recovery of 40 
per cent may be expected and the 
reservoir should be depleted in 58 
years. The ultimate oil recovery for 
water injection operations was indi- 
cated to be 54 per cent of the original 
oil in place, and the operating life 
of the field under this plan of opera- 
tion was determined to be 68 years. 


Assimilation of the production and 
injection schedules that were calcu- 
lated for each period of future pro- 
duction under each plan of operation 
investigated provided a year-to-year 
schedule of (1) the number of wells 
to be produced; (2) the amount of 
oil, gas, and water production; (3) 
the total amount of fluid injection; 
and (4) the amount of extraneous 
fluids required for injection. A graph 
showing a schedule of these quanti- 
ties for the primary depletion opera- 


3000 1000 


tion to the time the gas depletion 
phase was initiated is presented in 
Fig. 8. These schedules provided an 
evaluation of the periodic investments 
and a determination of the annual in- 
come, expense, and operating profit 
for each plan of operation consid- 
ered by applying appropriate eco- 
nomic factors. Knowledge of these 
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quantities permitted an economic 
comparison of each of the plans on 
an actual and present-day-value ba- 
sis. 


CONCEUSLONS 


The equations’ previously pre- 
sented for the analysis of combina- 
tion drive reservoirs were success- 
fully applied to match past perform- 
ance of a gas-cap-drive reservoir and 


sent a satisfactory approximation of 
the flow process occurring in the 
reservoir. Techniques were developed 
for making the numerous individual 
calculations involved in this type of 
analysis that are equally applicable 
for solutions using the digital com- 
puter as for computations made with 
the desk calculators. Through the use 
of the digital computer, the time re- 
quired to make a complete analysis 
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and Robert Moscrip, II, for their 
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ing this reservoir analysis. 
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were used to predict the future de- 
pletion of this reservoir under pri- 
mary depletion, pressure maintenance 
by gas injection, and pressure main- 
tenance by water injection. Although 
certain of the mathematical relation- 
ships included in this calculation are 
not rigorous, they appear to repre- 


APPENDIX 


BASIC RESERVOIR DATA NEEDED TO ANALYZE 
THE PERFORMANCE OF A GAS-CAP-DRIVE 
RESERVOIR 


GENERAL RESERVOIR DATA 
NB,,; = Reservoir pore space originally occupied by 
oil 
GB,, = Reservoir pore space originally occupied by 
gas-cap gas 
Sin « = Sine of the angle of formation dip 
k = Average absolute permeability of the reser- 
voir 
@ = Average porosity of the oil and gas zones 
C. = Average connate water content of the oil 
and gas zones 
B,,; = The volume of oil under original reservoir 
conditions that yields 1 bbl of stock-tank 
oil 
B,, = The volume of gas-cap gas under original 
reservoir conditions that yields 1 Mcf 
of gas at standard conditions 
R,; = Original dissolved gas-oil ratio 


HYDROCARBON SAMPLE PLOTTED 
GRAPHICALLY vs PRESSURE 
B./B,; = Expanded volume of oil and its original 
dissolved gas 
B, = Differential shrinkage factor 
B, = Gas expansibility 
47 = Viscosity of reservoir gas 
}4o = Viscosity of reservoir oil 
[40/49 = Ratio of the viscosity of oil to the viscosity 
of gas at the same reservoir temperature 
and pressure 
}+o/ J+ = Ratio of the viscosity of oil to the viscosity 
of formation water at the same reservoir 
temperature and pressure 
Afpo-» = Difference in density between oil and gas 
at the same reservoir temperature and 
pressure 
Afw-. = Difference in density between water and oil 
at the same reservoir temperature and 
pressure 
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CorE ANALYsIs ‘DATA PLOTTED GRAPHICALLY 
vs Gas SATURATION 


k,, = Relative permeability of the reservoir rock 
to gas 
k,. = Relative permeability of the reservoir rock 
to oil 
k,./krg = Ratio of the relative permeabilities of the 
reservoir rock to oil and gas 


Core ANALYsIs DATA PLOTTED GRAPHICALLY 
vs WATER SATURATION 


k,. = Relative permeability of the reservoir rock 
to oil 
kK,» = Relative permeability of the reservoir rock 
to water 
k,o/Kr = Ratio of the relative permeabilities of the 
reservoir rock to oil and water 


GENERAL RESERVOIR DATA TO BE 
COMPILED IN TABULAR FORM 


1. Average oil zone pressure for each survey date 

2. Average gas zone pressure for each survey date 

3. Incremental oil production for each pressure survey 
period 

4. Incremental total gas production for each pressure 
survey period 

5. Incremental gas-cap-gas production for each pres- 
sure survey period 

6. The respective horizontal component of distance 
from the upper and lower perforations of each pro- 
ducing well to the original gas-oil and oil-water 
contacts 


MISCELLANEOUS DaTA 


1. Area vs distance curve correlating the cross-sec- 
tional area of the reservoir perpendicular to the bed- 
ding planes to distance down the bedding planes 
from the original gas-oil contact 

2. Maps showing the gas-oil ratio status of the wells 
at various times in the history of the reservoir 


NOMENCLATURE® 


C, = Conformance factor fraction 


Symbols not included in the following nomenclature can be found 
in “Letter Symbols for Petroleum Reservoir Engineering and Elec. 
tric Logging,” published in the Oct., 1956 issue of JoURNAL OF Pr- 
TROLEUM TECHNOLOGY and Petrolewm Transactions Wol. 207 
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C.. = Average connate water satura- 
tion 

f, = Fraction of gas in the flow- 
ing stream in the reservoir 


fw = Fraction of water in the flow- 
ing stream in the reservoir 


GB,,; = Reservoir pore space origin- 
ally occupied by gas 


Total volume of gas in any 
segment at end of period 


G,. = Cumulative gas-cap gas pro- 
duced to end of period 


G,. = Cumulative free gas produced 
from uninvaded oil zone to 
end of period 


G; (ext) = Cumulative gas injected in 
excess of that produced 
from the beginning of pres- 
sure maintenance opera- 
tions to end of the period 


h = Vertical height between da- 
tum planes in the reservoir 


= Slope of the In k,.,/k,, vs S, 
curve 


= 


M, = Slope of the In k,, vs S, curve 

M, = Slope of the In k,.,/k,. vs Sx 
curve 

M, = Slope of the In k,, vs S, 
curve 


Qr, = Total volume of fluid invad- 
ing any segment during 
period 


R,; = Original dissolved gas-oil ra- 
tio 


B, = Volume of original reservoir 
oil and its original dis- 
solved gas reduced to any 
pressure p which yields a 
unit volume of stock-tank 
oil 

B,, = Volume of oil under original 
reservoir conditions which 
yields a volume of stock- 
tank oil 


B, = Volume of original reservoir 
oil and its original dissolved 


EQUATIONS FOR EVALUATING 


VOLUMETRIC BALANCE EQUATION 


N (B, B;,) G (B, ar W,, = N,B, 


o Mg 


g 
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fraction of 
pore space 
fraction 


fraction 
bbl 
cu ft at p 


at 
std cond 


Mcf at 
sid cond 


Mef at 
std cond 


ft 


cu ft at p 


cu ft of gas 
at std cond/ 
bbl STO 


bbl at p and 
T/bbl at 
std cond 


bbl at p; and 
T/bbl-at 
std cond 


bbl at D and 
T/bbl at 


B, 
ke Fe BoB: Ge (n-1) B, W,, 


gas reduced to the average 


pressure p during any per- 
iod which yields a unit vol- 
ume of stock-tank oil 


B,; = Volume of gas at original res- 
ervoir pressure and temper- 
ature per Mcf of gas at 
standard conditions 


B, = Volume of gas at the average 
reservoir pressure and tem- 
perature during any period 
per Mcf of gas at standard 
conditions 


B, = Differential shrinkage factor, 
volume of saturated oil at 
any reduced pressure and 
reservoir temperature per 
unit volume of saturated oil 
at reservoir pressure and 
temperature 


B, = Differential shrinkage factor, 
volume of saturated oil at 
the average reservoir pres- 
sure and temperature dur- 
ing any period per unit vol- 
ume of saturated oil at res- 
ervoir saturation pressure 
and temperature 


W (ext) = Cumulative water injected in 
excess of that produced 
from the beginning of pres- 
sure maintenance operation 
to end of the period 


a= Angle of dip of bedding 
planes 


# = Total elapsed time since initial 
production 


SUBSCRIPT 


voir 


sta cond 


bbl at p, and 
T/Mcf at 
std cond 


bbl at p and 
T/Mcf of 
gas at std 
cond 


bbl at p and 
T/bbl at Pi 
and T 


bbl at p and 
T/bbl at p; 
and T 


bbl 


degrees 


days 


... = Denote specific segments in the reser- 


x-1 = Denotes segment preceding one current- 
ly being invaded by gas or water 


x = Denotes segment currently being in- 


vaded by gas or water 


n, 


»... = Denote specific time periods, where 


n, represent the current period 


@ = Denotes uninvaded oil zone 


n 1 
E AN, (B, — =| 
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GAS-CAP-DRIVE PERFORMANCE BY PRIMARY DEPLETION 
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EQUATION FOR CALCULATING 
THE GAS AND OIL SATURATION IN THE R 
EMAINING OIL Z 
THE END OF ANY PERIop =— 


So = ys B, B, 


il B, B, : 


a '_5.615 ro Mo B, 
B./B;; 18%, B,/B;, B, ] 2) 
B, B; (nt) | 
5.615 183. 
EQUATIONS FOR THE CALCULATION OF THE DIsPLACEMENT OF OIL By GAs 
g (n-1) 
as Lies t ti t ti 
where: 
vz af 
where: 
and 
0.044 C,k A Apsi 


EQUATIONS FOR CALCULATING THE POSITION OF THE GaAs-OIL CONTACT 


k =i B, 
L, = bg h B, 
( ( B, ), B, (n-1) (n-1) 
(9) 


EQUATIONS FOR EVALUATING GAS-CAP DRIVE PERFORMANCE UNDER FULL PRESSURE 
MAINTENANCE BY GAS INJECTION 


VOLUMETRIC BALANCE EQUATIONS 


WG; AN, B, Bu By Bui 
AO Ad B, 1000 
EQUATIONS FOR CALCULATION OF THE DISPLACEMENT OF OIL By GAS 
Om = 5.615 AG,B;. (12) 
Ore = — 5.615 (13) 


ALg, is solved by Eqs. 5, 6, and 7. 
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EQUATIONS FOR CALCULATION OF THE POSITION OF THE Gas-OIL CONTACT 


Ore | Sos Sean l) = (4%. ) 5.615 . . . . . (14) 
S615 B, ( Ap h AG (sin a) — f 


oA, 


EQUATIONS FOR EVALUATING GAS-CAP DRIVE PERFORMANCE UNDER FULL PRESSURE 
MAINTENANCE BY WATER INJECTION 


VOLUMETRIC BALANCE EQUATIONS 


AG AO 
EQUATIONS FOR CALCULATION OF THE DISPLACEMENT OF OIL BY WATER 
Ore Qn + INI . . . . . . . . . . . (19) 
Ore df (20) 
where 
as, r+ 
bo 


EQUATION FOR CALCULATING THE POSITION OF THE WATER-OIL CONTACT 


5.615 (W, = W,) (Siz. c..)| 


EQUATIONS USED TO CHECK MATHEMATICAL COMPUTATIONS 


EQUATION FOR CALCULATING THE VOLUME OF STOCK TANK REMAINING 
IN RESERVOIR FROM SATURATION DISTANCE PROFILE 


EQUATION FOR CALCULATING THE VOLUME OF FREE AND SOLUTION Gas 
REMAINING IN RESERVOIR FROM SATURATION DISTANCE PROFILE 


where 
R,=R, (5 (1,000) (26) 
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The Calculation of Wave Forces on a Sunken Obstruction 


J. E. CHAPPELEAR 


SHELL DEVELOPMENT CO. 
HOUSTON, TEX. 


T. P. 4616 
We are concerned with the problem of calculating the (4) 


forces produced by passing waves on a submerged object 
(in particular a drilling barge) located on the ocean 
floor. We employ the linearized theory of waves (the 
Airy’ theory), since solutions are generally more easily 
obtained in such a theory. It will be indicated how an 
approximate solution to the problem can be obtained for 
waves of finite height by use of a linear combination of 
Airy waves. We shall assume the submerged object has 
an infinite length, thus neglecting diffraction and making 
the problem two-dimensional. 

We find that there is not a considerable difference 
between our solution and the usual engineering solution. 
The force, as a function of time, is plotted in Figs. 4 
and 5, together with the usual solution for easy com- 
parison. So far, no experiments have been found to 
compare with the results. 

As will be shown, the calculations can be extended 
to waves of finite height (Stokes’-Struik’ waves) in 
an approximate fashion. This can be done by calculat- 
ing the force produced by each Fourier component of 
the wave, separately, and omitting the coupling be- 
tween the various harmonics produced by Bernoulli’s 
theorem. 

The problem and its boundary conditions will be 
briefly stated. We seek a function, ¢, the velocity po- 
tential, which is harmonic, 


and which satisfies the boundary conditions 


(the normal derivative of ¢ is zero) on the ocean floor 
and the sides of the barge, and 


Original manuscript received in Society of Petroleum Engineers 
office on Dec. 14, 1956. Revised manuscript received April 15, 1957. 
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The physical reasons for these choices and an interpre- 
tation of ¢ are given by Lamb.‘ As previously stated, we 
assume also that the problem is two-dimensional. 

We set up our coordinates such that x = 0 is the 
center of the barge and y = 0 is the ocean floor. The 
coordinates are shown in Fig. 1, together with the 
location of the barge on the bottom. Our solution may 
be decomposed into a function which is symmetric 
about x = 0,¢,, and one which is antisymmetric, dos 

Thus directly above the barge we have as boundary 
conditions that for x = 0, 


Now, far from the barge, we have that (for x positive 
and assuming the waves are incident from the left) 


and 


and 

where means “... approaches... for x large.” Let 


us put A,, A,, and k equal to one, and remember that, 
in accordance with the derivation of Eq. 3, a sinusoidal 
time factor is to be supplied. 

Then we may rewrite Eq. 8 for $., and we find that 


Fic. 1—ExampcLe or Grip Usep THE 
DIFFERENCE CALCULATIONS. EACH OF THE SPACES 
is 8 FT, AND THERE ARE ABout 60 Grip Points. 
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with 
Expanding the cosine, we obtain 
o,— cos (x cosy = sin + 
It is also convenient to write 


We see that 
for x positive. Then a running wave, p, may be obtained 
by taking 
p = cos (ot + 6) + pw sin (ot + 8) 


where 6 is an arbitrary phase angle at our disposal. 
For x negative we have that 
and 
The running wave becomes, for x negative, 
p— cos. (x. — cos 6) (et 5) x 
cos. y cos (x — 8) — Cos (4, > sini, 
By various manipulations we find 
We now choose 8, which is arbitrary, in such a way 
that the first term, which is the incident wave, has no 
phase shift. A correct choice of 8 is thus 
Then we find that the incident plus reflected wave is 
from Eq. 19 
sin (x — of) 
sin y 
and the transmitted wave is from Eq. 15 
The reflection coefficient, R, which is the ratio of 
the amplitude of the reflected wave to the amplitude 
of the incident wave far from the barge, is seen to be 
and the transmission coefficient, S, which is the ratio 
amplitude of the transmitted wave to the amplitude of 
the incident wave is likewise 
We have only to calculate the odd and even por- 
tions of the velocity potential, add them with the 
proper sinusoidal time factors as we have shown, and 
then we will have calculated a velocity potential which 
far from the barge has the proper behavior. The be- 
havior for x negative is that ¢ is the sum of an incident 
plus a reflected wave, and for x positive ¢@ is only a 
transmitted wave. The force on the barge is then com- 
puted from the pressure, which is obtained from Ber- 
noulli’s theorem. For the Airy wave theory the pres- 
sure is 
The force per foot of exposed barge is obtained by in- 
tegrating the pressure over the sides of the barge from 
the bottom to the top of the barge. We see that the 
contribution to the force from the symmetric part of 
the velocity potential drops out, and we obtain 


y) cos (wt — dy 
sin y 
where F must be multiplied by the length of the barge 
to obtain the total force. 
We have still not included the wave height in our 
calculations. This is done by making the coefficient of 
the incoming wave far from the barge just what it 


(26) 
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should be on the basis of the theory of waves in water 
of constant depth. The calculation is given by Lamb,° 
and will not be repeated here. The results will all be 
stated for 1-ft waves; it is only necessary to multiply 
by the wave height in feet to obtain results for other 
heights. 

The problem is actually not defined by the boundary 
conditions already given. It is necessary to specify a 
condition on ¢@ far from the barge. This condition is 
that ¢ is bounded. For a numerical solution this con- 
dition is rather inconvenient and will be replaced by an 
approximation. At a certain distance from the barge 
we impose the condition that ¢ is proportional to cosh 
ky, where k is the wave number determined from the 
solution to the problem of waves in an ocean of con- 
stant depth. The magnitude of ¢ is chosen to make the 
calculations with numbers of reasonable size. Now that 
we have boundary conditions around the the closed re- 
gion, the problem is well set and the solution may be 
obtained numerically. Then we try to fit smoothly to ¢ 
the solution in the case of constant depth, Eqs. 8 and 9, 
by matching the derivatives. This is done by choosing 
a, 8, A,, and A, correctly. The amount in which the 
derivatives fail to match is a measure of the error. If 
the error is too large, we repeat the procedure farther 
from the barge. Since we expect from physical con- 
siderations that the influence of the barge on the solu- 
tion will die off, some distance will be reached at which 
the matching can be done within the error required. 


Since the problem is to calculate certain harmonic 
functions subject to prescribed boundary conditions, the 
most obvious procedure for solution is to use the re- 
laxation method.’ The calculations with this method are 
rather unsatisfactory, since the boundary conditions are 
almost homogeneous. Also, the simultaneous linear equa- 
tions with which one replaces the differential equation 
are almost indeterminate. In this case the relaxation 
procedure does not lead to a solution in a straightfor- 
ward manner. 


The finite difference approximation to Laplace’s equa- 
tion was employed. On the size grid chosen (one di- 
vision equals 8 ft), the number of simultaneous equa- 
tions to be solved was about 60 (see Fig. 1). To solve 
the problem, seven auxiliary functions were constructed. 
The first function, ¢,, satisfied the boundary conditions 
of the problem on AB, BC, DE, and FA (see Fig. 1), 
and, in addition, was specified to have zero derivative 
with respect to x on AB. On DC and EF no conditions 
were specified. Laplace’s equation was used to extra- 
polate ¢,, in from AB toward the center. The six addi- 
tional functions $3, $1, bs and were used to 
satisfy the boundary conditions on CD and EF. They 
satisfied the regular boundary conditions on BC, DE 
and AF, were zero on AB, and had x derivatives such 
that the value of any one of them on the next line in 
was zero at every grid point except one, where the 
value was one. Each function had its “one” at a dif- 
ferent grid point. These functions were extrapolated in 
toward the center by use of Laplace’s equation. Then a 
linear combination of these functions 


7 


satisfies all the boundary conditions of the original 
problem except at the six points previously mentioned. 
Boundary conditions at these six points give six simul- 
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taneous equations for the unknown X;’8 so that we may 
solve for the ratios of all the other x;’s to x, Then this 
Particular linear combination of the seven functions 
satisfies all the boundary conditions and is a solution to 
the problem. 


For the two problems solved it was necessary to have 
a large number of significant figures, 10 for the wave 
of 6-second period and 16 for the wave of 10-second 
period. The solution was checked by the relaxation 
method. The size of the grid was cut in half and the re- 
sulting residuals were liquidated. In both cases no 
significant change in the values of the solutions were 
observed, so that it may be concluded that the solutions 
were quite accurate. The only significant error in the 
calculation was in the approximate boundary condi- 


tions imposed far from the barge; however it is felt— 


that this could be progressively eliminated by moving 
the boundary farther and farther from the barge. 


ULES 


The calculations were performed for two waves, one 
with a 6-second period and the other with a 10-second 
period. The obstruction was 16 ft high and 80 ft wide, 
the approximate size of the ODECO drilling barge, 
“Mr. Charlie,” when viewed broadside. A typical depth 
of 40 ft was chosen. The resultant wave profiles as 
functions of the time are plotted in Figs. 2 and _ 3. It is 
seen that the effect of the barge on the profile is only 
a minor modification from the profile for constant 
depth. The profile is still quite smooth and there is 
no abrupt transition from one depth to another. The 
scale of the profile is for a 1-ft incident wave; for higher 
incident waves the ordinate is multiplied by the wave 
height in feet. 


The phase shifts and reflection and transmission 
coefficients for the two waves are listed in Table 1. 
The reflection coefficients are rather small, indicating 
that the barge has little effect on the wave. Since the 


T= 6 secs 
UNDISTURBED WAVE LENGTH 
167.1' 


1 
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Fic. 2—THe Wave Prorite ror A WAVE WITH A 6- 

Seconp Pertop Srrikinc THE Barce. 

REPRESENTS THE Wave SurFACE 14 Seconp LATER THAN 

THE Precepine One. THE Prorites ror tHe Next 
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BY 0:5) == — 3:5), 
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Fic. Wave Prorite ror A Wave witH A 10-SEconp 
PERIOD STRIKING THE BArce. Prorite REPRESENTS THE 
Wave Surrace 4% Seconp Later THAN THR PreceDING ONE. 
THE Prorites ror THE Next Harr Pertop may BE Founp By 
MULTIPLYING THE ORDINATE BY —]. 
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TABLE 1 
T a B 
seconds radians _fadians 
4 -3048 -1101 -989 
10 -1561 -1066 -989 


velocity of propagation decreases as the depth de- 
creases, we would expect that the phase shift for the 
running wave, which is seen from ba@a22. “to be 
a+ B+ 7/2, is small and positive. The values of 
the phase shifts for the two waves are 0.4993 for the 
6-second wave, and 0.4095 for the 10-second wave. 
We can also see this from Figs. 2 and 3, since the 
wavelength in both cases is shortened in passage over 
the barge. 

The forces as functions of the time are 
F, = — 6.38X 10° sin (1.047¢ + 2.95) poundals, . (28) 
and 
Fy, = 1.051 X 10" sin (0.6284 — 0.253) poundals, (29) 
where the length of the barge was chosen to be 220 ft. 
A period of each force is plotted in Fig. 4 and in Fig. 
5. The forces are also per foot of incident wave height. 
The force for a wave of height x ft is obtained by mul- 
tiplying the results by x. 

The usual method of calculating wave forces, which 
is discussed in Ref. 6, is to calculate the pressure 
differential across the barge from the theoretical values 
for waves in water of constant depth. The pressure dif- 
ferential is computed on the ocean floor. The force is 
obtained by assuming that the pressure differential does 
not change as a function of depth and multiplying the 
pressure differential by the area over which it acts. The 
results are then multiplied by an inertial coefficient, 
which should be determined experimentally. In order 
that we might compare with our theoretical results, 
the calculations using this method were also performed 
using the Airy wave theory. For purposes of illustra- 
tion we have assumed a not unreasonable value of 1.5 
for the inertial coefficient. 

We see from comparison of these two calculations 
in Figs. 4 and 5S that the choice of an inertial coefficient 
of about 1.5 was somewhat too high. There is also some 
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shift of the phase of the force. This is quite small, and 
the results from the fact that in this depth of water 
the wave “sees” the barge only “dimly.” 


The calculations of this report have the same range 
of validity as the Airy wave theory. Thus, whenever the 
incident wave profile can be regarded as sinusoidal, 
within the limits of the accuracy desired, the calcula- 
tion of the force on an obstruction will also be valid, 
and the error may be estimated to be about the same. 
The numerical technique for solution seems to be satis- 
factory. 

The solution may be extended to the waves of finite 
height (the Stokes’-Struik’ waves) in an approximate 
fashion. In the Stokes-Struik theory the velocity poten- 
tial is expanded in a Fourier series in the phase, (kx — 
ot), and the coefficients of the various terms are used 
to satisfy Bernoulli's equation. The resulting expression 
for the velocity potential is a series of terms which 
represent Airy waves; if the period of the fundamental 
is T, the periods of the harmonics are As 
etc. The procedure is to solve the problem for the fun- 
damental and the first few overtones. Then the results 
are added, using the proper proportions as predicted by 
the theory. The solution will not be exact, since it neg- 
lects the nonlinearities in Bernoulli’s equation which 
cause an interaction between the various harmonics. 

We note that we have neglected diffraction, and 
treated the barge as if it were of infinite length. This 
approximation is only valid if the wavelength is small 
compared to the length of the barge. Since this is not 
the case, it might be expected that sizeable effects due 
to diffraction may occur. In order to include this ef- 
fect, a three-dimensional problem would have to be 
solved. 

We do not include in the calculation any considera- 
tion of the drag force. The frictional drag, due to vis- 
cosity may be estimated to be quite small, but the form 
drag which also occurs because of viscosity cannot be 
estimated because of the use of incorrect boundary con- 
ditions. (With viscosity, however small, the boundary 
condition on the velocity at any surface is that the ve- 
locity of the fluid and the velocity of the surface are 
the same.) 
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There has been considerable experimental work on 
this problem, and this research is summarized in 
Ref. 7. No force measurements are presented, but 
there is a discussion of the transmission coefficient S. It 
is possible to say that the experimental measurements 
reported there are not in disagreement with our calcu- 
lations. An earlier theoretical study of this problem by 
Jeffreys,° which was a simple calculation of the trans- 
mission and reflection coefficients by use of shallow 
water theory, is also not in disagreement with our cal- 
culations. 

The calculations are in themselves quite tedious, in- 
volving about two weeks’ work on a desk calculator (in 
solving for the coefficients in the linear combination of 
solutions, the assistance of an electronic digital com- 
puter was necessary, since the problem was solved to 
16 significant figures, beyond the range of easy acces- 
sibility for an ordinary desk calculator). Thus, unless 
the entire calculation were programmed for a digital 
computer, it does not seem to be practical to make such 
calculations by hand for routine engineering design. 


NOMBENCLEATURE 


= 32.2 ft/sec’ 
= 27/(wave period) 
(xy) +¢(—xy) 1/2 
(x,y) — (— x, y) 1/2 
A 
A 


= velocity potential 
& 


e = constant in the asymptotic form of ¢, 
» = constant in the asymptotic form of ¢, 
a = phase shift of ¢, 

8 = phase shift of ¢, 

u = function used in the analysis 

65 = phase angle used in the calculations 
d = density of water 

F = force per unit length of obstacle 

1, 2, *sauxiliary fuactions’ used —in 

the calculations 

x; 1, coefiicients ina com- 

bination of the ¢,’s 

F, = force on obstacle due to a wave with 6-second 

period 

F,, = force on obstacle due to a wave with 10-second 

period 
T = wave period 
R = reflection coefficient 
S = transmission coefficient 

1 = one-half the width of the barge 

p = running wave 
k = 27/(wave length) 
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Stability Requirements for Scintillation Counters 
Used in Radioactivity Logging 


ABSTRACT 


General principles of scintillation 
counter-type instruments for radio- 
activity logging are discussed and the 
various possible causes for instability 
are examined. 

It is shown how instrumentation 
problems are solved. Means are dis- 
cussed for minimizing drift and 
instability due to “fatigue” of the 
photomultiplier tube and neutron 
activation of the crystals. 


hON 


Neutron and gamma-ray logs 
made with logging instruments em- 
ploying scintillation counters are now 
routinely available from most of the 
logging service companies. The su- 
perior characteristics of scintillation 
counters by comparison with older 
types of detectors promises to bring 
about important improvements in 
quantitative interpretation of radio- 
activity logs. Moreover, new types of 
logs can be made with scintillation 
counters which are not possible with 
other detectors. But in spite of the 
obvious superiority of these counters 
with respect to efficiency, speed, and 
versatility, they suffer from a num- 
ber of inherent difficulties and weak- 
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nesses. Unless these inherent diffi- 
culties are fully recognized and sat- 
isfactorily overcome by sound engi- 
neering of the associated instrumen- 
tation, scintillation counter logs are 
particularly likely to exhibit drift and 
instability of sensitivity. This defect 
in logs when they are intended for 
quantitative interpretation is intoler- 
able and more than outweighs any 
advantages over the older type of 
instrumentation when the latter is 
operating correctly. 


SCINTILLATION COUNTER 
OPERATION 


In general all radioactivity logging 
instruments consist of a detector sen- 
sitive to gamma radiation or to neu- 
tron radiation coming from the strata. 
This radioactivity is either due to 
naturally decaying radioactive ele- 
ments in the rock, radioactivity in- 
duced in the rock by a neutron source 
in the instrument, or scattering by 
the rock of neutrons or gamma rays 
coming from a source in the instru- 
ment. 

In the scintillation counter the 
gamma radiation or neutron radia- 
tion reacts with the scintillation phos- 
phor to produce light pulses. These 
light pulses are then converted to 
amplified electrical pulses by the 
multiplier phototube. 

Basically the problem of making a 
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good scintillation counter logging in- 
strument is to make the radiation 
sensitivity of the system as nearly 
constant as possible. The size of each 
scintillation counter pulse is depen- 
dent on the energy of the individual 
quantum of radiation being detected. 
In normal radiation logging, gamma 
rays of all energies, up to some maxi- 
mum value, reach the detector. 

If a suitable scintillator is used, 
such as a sodium iodide crystal, each 
gamma ray produces a number of 
photons proportional to the energy 
absorbed by the crystal from the im- 
pinging radiation. The light flashes 
are detected by means of a photo- 
multiplier tube which contains not 
only a photo-sensitive cathode from 
which photoelectrons are collected, 
but also an amplifier, called an elec- 
tron multiplier, built inside the pho- 
tomultiplier tube; the electron mul- 
tiplier usually has about 10 stages, 
having an over-all gain of perhaps 
500,000. 

In an ordinary gamma-ray log one 
wishes to detect all gamma_ rays 
down to the lowest possible energy; 
therefore, one wishes only to reject 
the “noise” pulses which are in- 
variably present due to thermal emis- 
sion of electrons from the photo- 
cathode of the photomultiplier. In 
other radioactivity logs it may be de- 
sired to measure the radiation within 
a particular energy band, or above 
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some relatively high energy level. 
Clearly, the number of pulses which 
are rejected by the discriminator will 
vary if the gain of the photomulti- 
plier varies. This, of course, amounts 
to a variation in detector sensitivity. 
A number of common causes for 
such variations is the principal sub- 
ject of this paper. 


ELECTRONIC CIRCUITRY 


The most common and widely rec- 
ognized problem in attaining stabil- 
ity in the response of logging instru- 
ments is the stringency of the re- 
quirements placed on the electronic 
circuitry. In many scintillation coun- 
ters designed for well logging, a 
pulse-height variation of 1 per cent 
produces about 1 per cent variation 
in counting rate. Depending on the 
desired log quality, specifications for 
instrument performance may be de- 
rived from this relation. 

The gain of the photomultiplier 
tube is equal to the product of the 
gains in each of 10 stages. Since the 
gain in each stage is proportional to 
the voltage, a 0.1 per cent change in 
the voltage applied to the photomul- 
tiplier tube will produce about a 10 
times greater, or 1 per cent change 
in the pulse height. Therefore if 1 
per cent stability in the log sensitivity 
is desired, the voltage supply, nor- 
mally about 1,000 v DC, must have 
less than 1 v of drift, noise, and 
ripple. Similarly, the gain of the as- 
sociated amplifier and the triggering 
level of the discriminator must be 
stable to 1 per cent. Circuitry ca- 
pable of the required stability at 
temperatures ranging upwards of 
300° F or more would not have been 
possible a few years ago. To fulfill 
the stringent requirements com- 
ponents are carefully chosen and cir- 
cuit elements are heat tested. Ac- 
ceptance tests for photomultiplier 
voltage supplies require that after a 
20-minute warm-up, a temperature 
rise from room temperature to 300° 
F produces a change no larger than 
0.2 per cent. Additionally, the power 
supply has to be independent of 
changes in voltage supplied at the 
top of the logging cable, length or 
type of cable, cable temperature, 
power line frequency, and similar 
variable parameters which are prob- 
lems common to all well-logging in- 
strumentation. The discriminator and 
the amplifier must both be stable to 
better than 1 per cent over the ex- 
pected temperature range. 

It is in principle, possible for the 
several independent elements in the 
system all to drift or vary at the 
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same time and in the same direc- 
tion, with the result that a total drift 
of 3 or 4 per cent could be experi- 
enced within the tolerances described. 
However, particular care is exercised 
to make the design such that tem- 
perature induced effects compensate 
for one another, and similarly with 
those due to variations in downhole 
voltage supplied to the instrument. 
Thus it can be arranged that there 
is partial internal compensation for 
any variations which are systematic 
and repoducible. Moreover, all other 
unavoidable variations in the sepa- 
rate elements are random or unre- 
lated so that several elements do not 
drift in the same direction at the 
same time. By this means an over-all 
stability for production instruments 
of approximately 2 per cent can be 
obtained under adverse conditions of 
operation. Statistical errors are 
usually several times larger than this 
figure and uncertainties in log inter- 
pretation are almost invariably larger 
due to intrinsically indeterminate 
parameters such as position of the 
instrument in the borehole. There- 
fore, it may be concluded that the 
electronic circuity for the logging 
instrument need not introduce errors 
into the log if the instrument is 
properly designed. 

Other factors which influence the 
size of the counter pulses and there- 
by affect the observed counting rate 
are ‘the effects of temperature and 
magnetic fields on the counter. 


MAGNETIC EFFECTS 


Very slight stray magnetic fields 
affect the gain of the photomultiplier 
by altering the trajectory of electrons 
traveling through the electron multi- 
plier section of the tube. This change 
has exactly the same effect on the 
log as a gain change due, for exam- 
ple, to a change in photomultiplier 
voltage. 

Adequate magnetic shielding is, 
therefore, of great importance in a 
scintillation counter, particularly if 
it is to be used for well logging in- 
side casing which often is highly 
magnetized. The sensitivity is such 
that without shielding the magnetic 
effect must be expected when mak- 
ing surface measurements at differ- 
ing orientations with respect to the 
magnetic field of the earth. 

To investigate the effects of mag- 
netism on a logging instrument, logs 
have been made in cased wells with 
a small radiation source affixed to 
the detector to provide a constant 
flux of gamma rays. The log, of 
course, should indicate a constant 
counting rate, and any deviation from 


constant counting rate could then be 
ascribed to the magnetic effect of col- 
lars and variations in the casing. 
Such a log is shown in Fig. 1, along 
with a similar log made with ade- 
quate magnetic shielding. 

Fig. 2 shows two neutron logs 
made in conjunction with the con- 
ventional casing collar log. In Log A 
the only magnetic shielding of the 
photomultiplier was that provided by 
the instrument housing and inner 
steel tube. In Log B, made in the 
same well, adequate magnetic shield- 
ing was used. Log A shows the ef- 
fects of serious variations in sensi- 
tivity due to varying magnetic fields 
within the detector. While collars and 
joints generally do not perturb a log 
which is made with properly operat- 
ing commercial instruments, log in- 
terpreters should be aware of the 
possibility of such effects, even with 
reliable instruments, when within a 
foot or so of casing shoes or the like, 
where severe magnetic anomalies may 
occur. 


TEMPERATURE EFFECTS 


It is well known that present com- 
mercial photomultiplier tubes will be 
permanently damaged above a tem- 
perature of 150 to 175° F. Even be- 
low this temperature there is a varia- 
tion in tube characteristics and scin- 
tillating efficiency of phosphors with 
temperature changes. For Nal of the 
type normally available, a coefficient 


CASING 
COLLARS 


ZERO FOR 
BOTH LOGS 


Fic. 1—Errecr or Macneric Fretp In A 
WELL ON SENSITIVITY OF SCINTILLATION 
Counter. Curve A Derecror UNSHIELDED 
— Curve B SHIELDED 
witH ARMCO anp Mu-METAL. 


VOL. 210, 1957 


as high as — .12 per cent per °C has 
been observed.*** At normal tem- 
peratures the gain of a photomulti- 
plier tube itself is also a function of 
the temperature. Percentage gain 
changes in the range of — .2 per 
cent per °C to — .5 per cent pern© 
have been reported for 6,199 photo- 
multipliers.** This could occur with- 
out exceeding the maximum operat- 
ing temperature of the photomulpti- 
plier tube. 

To overcome this difficulty varia- 
tions in detector temperature should 
be held to a minimum. The most 
satisfactory means for accomplishing 
this is to place the detector in an ice- 
cooled dewar flask. Fig. 3 is a sche- 
matic drawing of a typical dewar 
used in well logging which encloses 
both the scintillation crystal and 
photomultiplier tube. Water inside 
the flask may be frozen from the 
outside without opening the instru- 
ment, 

Experiments have been performed 
with a logging instrument in which 
a logging run in a 15,000-ft well last- 
ing a total of eight hours was simu- 
lated in an artificially heated test 
chamber. A linear temperature rise 
with depth to 300° F borehole tem- 
perature was assumed. 

Thermocouples in the detector as- 
sembly and in the ice indicated the 
following conditions during the test: 

The ice, initially somewhat below 
the freezing point, began to melt af- 
ter two hours. At the end of the 
eight-hour logging operation the ice 
had barely melted and the tempera- 
ture of the detector had risen to no 
more than 40° F thereby providing 
an additional safety factor had un- 


1References given at end of paper. 
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expected delays been incurred, or had 
a deeper well been logged, since the 
temperature of the detector can be 
allowed te rise above 100° F. 

Many successful commercial logs 
have been run with equipment of this 
design with bottom-hole temperatures 
in excess of 300° F. With properly 
designed instruments hot boreholes 
are no longer, then, any deterrent to 
the use of a scintillation counter. 


DETECTOR ACTIVATION 


None of the above effects ad- 
versely influencing the stability are 
in any way related to the radia- 


tion which the detector experiences. 


Two very important phenomena in 
this category which have been some- 
times disregarded or overlooked are 
related wholly to the “history” of the 
detector. That is, the detector has a 
tendency to remember what radiation 
it has been exposed to and its sensi- 
tivity tends to vary accordingly. 

The first effect is activation of the 
NalI:Tl crystal, when one is used, 
by neutrons from the neutron logging 
source. This is actually not a change 
in sensitivity, since no change in 
pulse height occurs, but as atoms 
of the crystal become radioactive, 
emitting beta particles ranging in 
energy up to 2 Mev, pulses may be 
counted along with those due to ra- 
diation from the formation. 


This problem can, of course, be 
eliminated by using a crystal which 
cannot be made radioactive, or by 
adjusting the discriminator to a high 
enough value (1.75 to 2 Mev) so 
that no appreciable amount of the 
disintegration radiation is counted. If 
a neutron log is made using a Nal 
crystal, with the discriminator set at 
1 Mey, a drift of about 6 per cent 
in counting rate may be expected 
during the first hour the instrument 
is in the well. An example of the 
effect which this has on a neutron 
log is shown in Fig. 4, A compromise 
is therefore necessary in this case be- 
tween high counting rate and higher 
Statistical accuracy, and freedom 
from drift due to iodine activation. 
Since it is generally desirable to 
detect only the higher energy gam- 
ma rays in this type of log, the com- 
promise is not a serious one. For spe- 
cial types of (n,y) logs requiring de- 
tection of lower energy radiation, and 
for (n,n) logs, other phosphors 
should be used. 


PHOTOMULTIPLIER “FATIGUE” 


A more subtle difficulty arises 
from the inherent tendency of all 
photomultipliers to exhibit a “fa- 
tigue” effect. This manifests itself as 
a drift in photomultiplier gain to a 
new equilibrium value whenever the 
scintillation rate or intensity is 
changed and all other parameters 
such as high voltage, amplifier gain, 
and discriminator level are rigorously 


_ maintained constant. Equilibrium is 


not reached in the same length of 
time by all tubes, and the variation 
in gain in some tubes is greater than 
in others. In some tubes it is really 
in the opposite direction from others, 
and in many cases there appear to 
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TABLE 1—PULSE HEIGHT VS TIME FOR TEN 6,199 PHOTOMULTIPLIER TUBES ALL EXPOSED 
TO EQUAL GAMMA-RAY FLUX 


Gain Normalized to Cause Photopeak Due to 2.6 Mev Gamma to Fall in Range from 20 to 30v 


Per Cent 

Tube First Run? Second Run? Third Run? Fourth Run‘ Decrease Ist 
No. to 3rd Run 
1 27.4 2555 2525: 26.7 7.4 

2 26.3 26.2 26.4 

3 26.6 27.1 25.2 26.2 5.6 

4 27.0 25.0 23.5 23.0 14.9 

5 27.5 28.5 28.2 28.0 — 225 

6 27.6 26.5 25.0 26.8 10.4 

7 27.9 26.1 24.5 2531 13.9 

8 27.4 27.0 26.0 26.6 5.4 

10 275 27.0 26.5 26.3 3.8 


1Gamma-ray flux and photomultiplier voltage turned on at start of first run 


"Second run 21 hours after start of first run 
’Third run 12 hours after start of second run 


‘Fourth run 50 hours after start of third run; photomultiplier voltage was turned off during this 


interval but gamma radiation was not interrupted 


be two or more independent effects 
having different periods, the two be- 
ing of opposite sign. This may re- 
sult, for example, in the pulse height 
drifting upward for a few minutes or 
seconds and subsequently drifting 
downward for minutes or hours. Lit- 
erature references do not agree on 
the magnitude or direction of this 
drift, or on its cause. 

Photomultiplier tubes for well-log- 
ging instruments should be tested by 
subjecting a group of 10 tubes to a 
constant radiation field and cyclically 
analyzing the spectrum of each one 
over a period of several days. Table 
1 shows the pulse height drift ob- 
tained with a group of 10 tubes 
picked at random after a preliminary 
gain adjustment of individual pre- 
amplifiers to permit the pulse height 
output to fall within a certain pre- 
determined range. From the table it 
may be seen that lubes 4, 6, anu 7 
are substantially poorer with respect 
to this test; these tubes would be re- 
jected. Tube No. 9 was observed to 
be erratic and was discarded. 

In well logging this type of drift 
would generally result in an inac- 
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curate log calibration and an incor- 
rect log, with the degree of inac- 
curacy depending on the magnitude 
of the drift. One sees that if this 
phenomenon is present it requires a 
“warm-up” of the detector every time 
it is moved from one formation to 
another, and more particularly, when 
it is first placed in the well. Any long 
term drift, with a period of hours, 
say, will appear as a gradual drift 
in instrument sensitivity from start to 
finish of the log. Short term drift ap- 
pears, to some extent, like a long time 
constant in the counting rate meter. 


Fortunately, for most well-logging 
applications of scintillation counters, 
the shape of the curve of counting 
rate vs discriminator setting is such 
as is shown in Fig. 5 for natural gam- 
ma rays. It is clear that a gain or 
pulse height change will produce a 
larger change in counting rate if 
the discriminator is set at A than if 
it is set at B. Similarly, for (n,y) 
logging a typical “integral bias” curve 
is shown in Fig. 6 for limestone. In 
this case it may be seen that better 
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stability in counting rate will be at- 
tained with the discriminator set in 
the neighborhood of the point E than 
at C or D. For all logging instru- 
ments the integral bias curve, and 
therefore the inherent stability of the 
device, depends on the type of phos- 
phor, the source and detector shield- 
ing, and other instrument parameters, 
such as source-to-detector spacing. 
The instrument designer can there- 
fore affect to some extent the count- 
ing rate stability by proper choice of 
these parameters. 


GN 


Good scintillation counter opera- 
tion can be obtained by recognizing 
the difficulties in advance and tak- 
ing adequate measures to over- 
come them by careful and complete 
engineering of instrumentation. Fur- 
thermore, careful selection of the type 
of scintillation phosphor and correct 
choice of operating conditions have 
reduced the stability requirements in 
certain types of scintillation counters 
to the point where some of the diffi- 
culties described are of little practical 
importance. 

It may, therefore, be hoped that 
thanks to the superior logs which 
are now available in almost all oper- 
ating areas, more rapid improvements 
will be made in quantitative interpre- 
tation of gamma-ray and neutron 
logs. 

Incorrect and inaccurate logs can 
result in loss of confidence in radio- 
activity logs as quantitative tools for 
well completion and reservoir evalu- 
ation. To this end it may be hoped 
that critical log interpretation will 
be undertaken only when properly 
designed and correctly operated in- 
struments are employed. 
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of the Grain Densities of Petroleum Reservoir Minerals 
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T 


Several of the commonly used methods for deter- 
mination of effective grain densities of minerals have 
been evaluated for accuracy and precision, and their 
applicability to various types of petroleum reservoir 
minerals tested. Consideration was given to the effect of 
consolidation, swelling clay, and wettability on these 
grain-density determinations. 

Procedures with helium displacement, a modified 
low-pressure Boyle’s law porosimeter, and liquid dis- 
placement (water, n-decane, and n-octanol) were tested. 
The helium-displacement procedure was used primarily 
as an independent reference for which the effects of 
fluid-solid interaction, e.g., adsorption and wettability, 
were negligible. The procedures with the Boyle’s law 
porosimeter and with liquid displacement are the meth- 
ods in common use. 

Minerals investigated included calcite, West Texas 
limestone core samples, California sandstone core sam- 
ples, and Wyoming bentonite. The number of samples 
tested, while not large, was adequate to permit appli- 
cation of statistical methods. 

Grain-density measurements on calcite (Iceland spar) 
provided a basis of comparison for the accuracy and 
precision of the procedures under investigation for a 
material with a high degree of chemical and physical 
homogeneity and for which fluid-solid interactions were 
at a minimum. 

Liquid-displacement procedures (water or n-decane) 
provided the greatest reliability and precision for meas- 
urement of the grain densities of the limestone tested. 

Gas-displacement procedures (helium or Boyle’s law 
porosimeter) provided the greatest reliability and ex- 
perimental convenience, if not the greatest precision, 
for the measurement of the grain densities of the swell- 
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ing clay, Wyoming bentonite, and the shaly sandstones 
which contained appreciable amounts of swelling, in- 
terstitial clays. 

These experiments were designed to evaluate the ap- 
plicability of the grain-density procedures in common 
use to some of the less tractable minerals—tight lime- 
stones, shaly sandstones, and swelling clays. The results 
should provide a useful basis for a selection of the 
method most suitable for application to the various pe- 
troleum reservoir minerals encountered and especially 
for use in the estimation of formation porosity. 


EN UC LOW 


These experiments were undertaken to evaluate the 
accuracy and precision of several commonly used meth- 
ods for determination of effective grain densities of 
minerals, and to test their applicability to various types 
of petroleum reservoir minerals. Consideration was also 
given to the effect of consolidation, clay, and wetta- 
bility on these grain-density determinations. 

Procedures used included measurements with helium 
displacement, with a modified low-pressure Boyle’s law 
porosimeter, and with liquid displacement (water, n- 
decane, and n-octanol). The minerals investigated in- 
cluded calcite, West Texas limestone core samples, Cali- 
fornia sandstone core samples, and Wyoming bentonite. 

The accurate determination of the porosity of petro- 
leum reservoir formations, in particular those of low 
porosity, has received much attention. Both bulk-volume 
and grain-volume measurements necessary in the evalu- 
ation of porosity have been examined by many investi- 
gators with the objectives of improving both the ac- 
curacy and the precision of these determinations, In 
this investigation statistical criteria for selection of the 
most reliable and suitable procedure for use with a 
given type of mineral are demonstrated. The grain- 
volume measurement procedures appear to be the most 
susceptible to improvement. 
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EXPERIMENTAL PROCEDURES 


1. Boyle’s law porosimeter. The apparatus and the 
operating procedures are described in the Appendix. 

2. Liquid displacement. 

a. Grain volumes of permeability plugs and of 
well-consolidated core pieces were determined 
by the hydrostatic procedure described in 
ASTM C20 — 46. 

b. Grain volumes of crushed and poorly consoli- 
dated core pieces and of unconsolidated min- 
erals were determined by the pycnometer pro- 
cedure described in ASTM D854 — 52. 

3. Helium displacement. In this procedure the vol- 
ume of free space in an initially evacuated sample holder 
is determined by expansion from a gas buret of a sam- 
ple of helium of known pressure, volume, and tem- 
perature. The difference between the volumes of free 
space in the empty sample holder and of the sample 
holder with the mineral sample present is a measure 
of the grain volume of the mineral. This procedure is 
essentially the same as that used with the more conven- 
tional gas expansion porosimeter' except that the sam- 
ple holder is initially evacuated, all observed pressures 
are less than 1 atm, and the entire gas buret, manom- 
eter, and sample holder assembly are enclosed in an air 
thermostat. 

Details of the apparatus and of the operating pro- 
cedure used in the determination of the free space in 
the sample holder have been described previously.” The 
only modification in the volumetric gas adsorption ap- 
paratus used for these measurements consisted of mount- 
ing the sample holder inside the air thermostat instead 
of outside, as is usual for adsorption measurements. 

Measurement of the helium pressures to + 0.1 mm 
with temperature control in the air thermostat of 
+ 0.2°C permitted determination of the volume of free 
space in the sample holder with a precision of + 0.03 cc. 
This would provide a precision of + 0.01 gm/cc in 
the grain density of a 12-gm sample of silica. It is ad- 
vantageous to use as large a sample as possible. 

Procedures (1) and (2) are grain-volume methods 
commonly used. Method (3) was used primarily as an 
independent reference procedure in which additional 
precautions are taken to eliminate the effects of tem- 
perature variations, uncertainties in pressure measure- 
ments, adsorption, and wettability. The absolute accu- 
racy of the helium displacement procedure reasonably 
can be expected to be greater than that of the other 
two procedures, particularly in regard to the negligible 
influence of adsorption and wettability on the measure- 
ments. 


STATISTICAL TREATMENT OF DATA 


COMPARISON OF AVERAGES BY THE f-I EST 
In this method, ¢ is a statistical measure of the dis- 
agreement between methods x and y and is a function 


of the average difference, d, in the values which are 
measured by methods x and y on any given material; of 
the standard deviation of the differences, S,; and, upon 
the number of degrees of freedom n. The number of de- 
grees of freedom is equal to the number of pairs of 
measurements. 


_ Material Method x Method y Difference 
1 yt di = x1 — 
2 x2 ya dz = x3 — ya 
3 x3 ys ds = x3 — y3 
— — — 
x y d=x— y 


1References given at end of paper. 
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S,, the standard deviation of the difference, is de- 
pendent upon the precision of both methods, x and y. 


t= S, Vn 

The larger the t value the greater the probability that 
the observed difference, 7a. is a real difference, signifi- 
cantly greater than would be introduced by the ran- 
dom errors of measurement of either method x or y. 
For any given number of degrees of freedom there is a 
statistical probability, say one in 100 times, that a 
critical value of t will be exceeded. The average differ- 
ence d, is considered real if the computed value for ¢ 
exceeds the critical value of t for the given degrees of 
freedom. The critical values for t at various probability 
levels for various degrees of freedom have been cal- 
culated by Student (Biometrika, 1908, VI, 1-25) by 
application of statistical methods. A condensed table is 
given below: 


CRITICAL VALUES OF t* 


nee Per cent Probability Level 
Freedom 50 10 5 1 
2 816 2.920 4.303 9.925 
4 74) 2.132 2.776 4.604 
10 700 1.812 2.228 3.169 
20 687 725 2.086 2.845 
30 683 1.697 2.042 2.750 
(ea) 674 1.645 1.960 2.576 


*From Statistical Tables by R. A. Fisher and F. Yates, Oliver and Boyd, 
Ltd., Edinburgh. 


GRAIN DENSITY MEASUREMENTS ON 
CALCITE, LIMESTONES, AND SANDSTONES 


SAMPLE PREPARATION AND PROCEDURE 


CALCITE 


Grain-density measurements were first made on a 
sample of calcite (Iceland spar) in various states of 
subdivision (five size fractions ranging from pieces 4 to 
14 in. in size through 325-mesh screen, U.S. Standard 
sieve size) to provide a basis of comparison for the 
procedures used in this investigation. All samples were 
dried overnight in an oven at 110°C prior to each of 
the density determinations. In preparation for the he- 
lium-displacement measurements, the calcite samples 
were evacuated for at least an hour at 31°C in addition 
to the above drying procedure. 


LIMESTONE CORES 


Grain-density measurements on 11 limestone core 
samples taken over an interval of 112 ft in-a well in 
the Wolfe field, Jack County, Tex., were made with 
the Boyle’s law porosimeter and by water and by n- 
decane displacement. The air permeabilities of these 
cores ranged from 0.1 to 3.7 md, and the porosities 
ranged from 1.8 to 5.5 per cent. 


The measurements by all methods were made suc- 
cessively on each sample which had been dried over- 
night at 110°C prior to each determination. On each 
whole-core sample, two Boyle’s law porosimeter, one 
water-displacement, and one n-decane-displacement 
measurement were made. Subsequently, each sample 
was crushed and one Boyle’s law porosimeter, one 
water- and one n-decane-displacement measurement 
were made. On the whole-core samples, the water and 
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the n-decane displacements were made by the hydro- 
Static-displacement procedure described in ASTM C20 
— 46. On the crushed cores (through 10-mesh screen, 
US. Standard sieve size) the displacements were made 
in @ pycnometer as specified in ASTM D854 — DAs 

The grain densities of a second suite of 11 limestone 
core plugs, which were taken over a depth interval of 
198 ft from a well in the Monahans Clear Fork field, 
Winkler County, Tex., were measured by liquid- and 
by gas-displacement procedures. The porosities were 
measured by liquid saturation. 

The liquid-displacement grain densities were deter- 
mined for the whole-core plugs with the same proce- 
dures described for the preceding suite of limestone; 
n-dodecane was used in place of n-decane as the hy- 
drocarbon liquid. The porosities of the saturated core 


plugs were determined by wiping dry the exterior sur-— 


faces of the n-dodecane- or water-saturated core plugs 
and weighing on an analytical balance. The normal 
bulk densities of the liquids at the prevailing room 
temperature were used to convert the weights of the 
saturating liquids to volumes. 


The gas-displacement grain densities of these lime- 
stone core plugs were determined with the Boyle’s law 
porosimeter and by helium displacement. 


SANDSTONE CORES 


Grain-density measurements were made on 10 Cali- 
fornia sandstones with the Boyle’s law porosimeter and 
by liquid displacement. These core Samples came from 
four different areas, i.e., Ventura, Brea, Irvine, and 
Antelope Plains. 


‘The experimental procedures used in the determina- 
tion of these grain densities were in all respects the 
same as those used for calcite and for the limestone 
cores. Two measurements were made with each of the 
procedures. The only exception to the previously de- 
scribed procedures was that the liquid-displacement 
measurements were made only on the crushed-core 
samples. The high clay content and the friable nature 
of these sandstones made it impractical to make re- 
peated grain-volume measurements on the whole-core 
pieces. 


Particle size analyses on contiguous core samples 
from the same source showed that the colloidal frac- 
tion (< 10 microns) ranged from 2 to 14 weight per 
cent. Subsequent examination of the silt fractions (10 
to 63 microns) demonstrated that the particle size anal- 
yses by sedimentation from aqueous suspension (An- 
dreason pipette analysis) left a substantial portion of 
the clay minerals in the silt fraction, making the total 
clay content of these core samples appreciably greater 
than indicated by the colloidal fraction alone. 

Examination by differential thermal analysis and by 
X-ray diffraction analysis of the combined clay-silt 
fractions (< 63 microns) of contiguous core samples 
from the same well in the Brea and Irvine areas showed 
that the clay minerals present were predominantly mont- 
morillonitic in character. 


Because of the considerable variation among the in- 
dividual grain-density values and the quite poor pre- 
cision obtained for the water-displacement measure- 
ments on these shaly sandstones, a third series of densi- 
ties were determined by water displacement upon com- 
pletion of all the above measurements. As in the pre- 
vious measurements, the samples were dried overnight 
at 110°C, but an exception was made to the usual pro- 
cedure in that the samples were covered with water 
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and soaked in the pycnometers for a week prior to the 
grain-density measurements. This was done to establish 
whether the appreciable variations in density observed 
could be attrtbuted to variations in the penetration and 
wetting of the clay by the water. The resultant average 
grain densities, based on the three determinations, dif- 
fered from the averages based on the duplicate deter- 
minations by amounts of the order of two parts in 1000, 
and the precision indicated by the standard deviations 
computed on the basis of the new average improved 
in an amount of the order of 10 per cent. 


DISCUSSION OF RESULTS 


AVERAGE GRAIN DENSITIES OF CALCITE, LIMESTONES, 
AND SANDSTONES — TABLE 1 


Table 1 shows the average grain densities for the ref- 
erence mineral, calcite, two suites of West Texas lime- 
stones, and a suite composed of several California sand- 
stones. There are only two conspicuous disagreements 
among these average grain densities as measured by the 
various procedures: 

1. The Boyle’s law porosimeter values for the Mona- 
hans field limestones are appreciably greater than either 
the helium- or the liquid-displacement values. 

2. The n-decane-displacement values for the Cali- 
fornia sandstones are appreciably less than either the 
water displacement or the Boyle’s law porosimeter 
values. 


STANDARD DEVIATIONS OF GRAIN-DENSITY MEASUREMENTS 
ON CALCITE, LIMESTONES, AND SANDSTONES — TABLE 2 


The results obtained by application of the three meth- 


TABLE | 
AVERAGE GRAIN DENSITIES 
PROCEDURE 
STATE LIQUID DISPLACEMENT 
n-DODECANE 
gm/cc 
5 SIZE FRACTION 
CALCITE FROM 1/4"~172" 
(ICELAND PARTICLE 2.707 2.716 2.7107 2.7107 
SPAR) SIZE TO THRU 
325 MESH 
LIMESTONES |perm. PLUG = 2.714 2.699 2.706 
(WOLFE FIELD, 
JACK CO.,TEX.)/THRU 10 MESH - 2.718 2.708 2.710 
LIMESTONES 
RM. PLUG 2.839 3.057 2.830 2.843 
(MONAHANS 
FIELD WINK- 
- 2.918 - - 
DER 
SANDSTONES 
(VENTURA, |CORE-PIECES - 2.627 - 
BREA, IRVINE 
& ANTELOPE |THRU IO MESH pa 2.621 2.615 2.569 
PLAINS, CALIF) 
TABLE 2 
STANDARD DEVIATIONS OF GRAIN DENSITIES 
PROCEDURE 
STATE 3 LIQUID DISPLACEMENT 
CONSOLIDATION n—-DODECANE 
agm/cc 
FROM 1/4"-(/2" 
PARTICLE 
0.020 0.0016 0.0006 
325 MESH 
LIMESTONES 
LIMESTONES 
(MONAHANS |PERM. PLUG 0.0062 
FIELD) 
SANDSTONES 
(VENTURA, CORE PIECES 
BREA, IRVINE 
& ANTELOPE|THRU IO MESH 0.034 0.014 
PLAINS) 


Z(DIFFERENCE IN DUPLICATES)” 
2 (DEGREES OF FREEDOM) 


STANDARD DEVIATION = 
(FOR THE CORES) 


| 
| 
i] 
| 
| 
| 
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ods to calcite, a solid of known homogeneity, should 
establish the basic precisions to be expected of grain 
densities determined by helium displacement, by the 
Boyle’s law porosimeter, and by the displacement of 
water and n-decane in a pycnometer employing the pro- 
cedures above, with the effects of fluid-solid interac- 
tions, such as adsorption or wettability, at a minimum. 


The precisions obtained for the limestones studied 
were not appreciably different than for the calcite. 


The precisions obtained for the California sandstones 
by all procedures were appreciably poorer, and the 
Boyle’s law porosimeter and the water-displacement 
values were now comparable. 


COMPARISON OF AVERAGE GRAIN DENSITIES DETERMINED 
WITH BOYLE’S LAW POROSIMETER AND BY LIQUID DIS- 
PLACEMENT FOR WOLFE FIELD LIMESTONES 
(PERMEABILITY PLUGS) — TABLE 3 


A comparison of the average grain densities deter- 
mined with the Boyle’s law porosimeter and by liquid 
displacement for Wolfe field limestones (permeability 
plugs) demonstrates: 

1. The greatest of the differences between the aver- 
ages, d, is 0.015 gm/cc. 

2. The computed ¢ factor in only one case (compari- 
son of the water-displacement and of the n-decane-dis- 
placement averages) is sufficiently large (6.67) to dem- 
onstrate conclusively that the observed difference, d, 
is a real difference. However, the difference (0.007 
gm/cc) is not large enough to be of practical conse- 
quence. 


COMPARISON OF AVERAGE GRAIN DENSITIES DETERMINED 
WITH BOYLE’S LAW POROSIMETER AND BY LIQUID DIS- 
PLACEMENT FOR WOLFE FIELD LIMESTONES 
(THROUGH 10-MESH SCREEN) 


The comparison (as in Table 3) of the average grain 
densities determined with the Boyle’s law porosimeter 
and by liquid displacement for Wolfe field limestones 
(through 10-mesh screen) demonstrates: 

1. The differences between the averages, d, are all 
small, none exceeding 0.01 gm/cc. 

2. The calculated t factors (3.86, 3.32, and 4.48 re- 
spectively) are all larger than the critical values for the 
1 per cent probability level for 11 degrees of freedom. 
Although the ¢ factors show the average differences, d, 
to be real, they are sufficiently small to be of no prac- 
tical consequence. 


COMPARISON OF AVERAGE GRAIN DENSITIES DETERMINED 
WITH BOYLE’S LAW POROSIMETER AND BY LIQUID DIS- 
PLACEMENT FOR CALIFORNIA SANDSTONES 


The comparison of the average grain densities de- 
termined with the Boyle’s law porosimeter and by liquid 
displacement for the California sandstones (through 10- 
mesh screen) demonstrates: 


1. The differences between the averages, d, show that 
the n-decane-displacement values are appreciably lower 
than either the water or the Boyle’s law porosimeter 
values. 

2. The calculated ¢ factor (0.41) shows conclusively 
that there is no real difference between the Boyle’s law 
porosimeter and the water-displacement averages. 
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TABLE 3 


COMPARISON OF AVERAGE GRAIN DENSITIES DETERMINED 
WITH BOYLE'S LAW POROSIMETER AND BY LIQUID DISPLACEMENT 
FOR WOLFE FIELD LIMESTONES (PERM. PLUGS) 


DIFFERENCE |STANOARD 
BETWEEN THE|DEVIATION, Sq |t=—2.vn 
AVERAGES, |OF THE AVERAGE| 
DIFFERENCE, d 
BOYLE'S gim/cc 
al LAW WATER 
POR. (water +0.015 +0.022 
d= n n 
BOYLE'S 
Bal LAW ) 24(n-oecane ) 
+0.021 1.25 
= POR. DISPLACE. 
d= n n 
[WATER n-DECANE 
d= n = n 
PERCENT PROBABILITY LEVEL (TIMES CRITICAL VALUES OF ¢ FOR 
CRITICAL t IS EXCEEDED IN 100 TRIALS) ELEVEN DEGREES OF FREEDOM 
3.11 
5 2.20 
50 0.70 
TABLE 4 


EFFECT OF CONSOLIDATION ON 
GRAIN DENSITY DETERMINATIONS 


DIFFERENCE 
BETWEEN THE STANDARD 
AVERAGES, a 
DEVIATION Sg 
PROCEDURE s (crusneo) OF THE AVG. 
ae core core _//|DIFFERENCE 4 
n n 
gm/cc 
LIMESTONES (WOLFE FIELD) 
BOYLE'S LAW nat 
POROSIMETER -0.004 +0.021 0.63 
LIQUID DISPLACEMENT 
(a) WATER -0.009 +0.005 6.0 
(b) n—DECANE -0.004 +0.0015 8.8 
SANDSTONES (VENTURA, BREA, IRVINE AND ANTELOPE PLAINS) 
BOYLE'S LAW n=10 
POROSIMETER +0.006 +0.021 0.90 


PERCENT PROBABILITY LEVEL (TIMES CRITICAL t VALUES FOR 
CRITICAL t IS EXCEEDED IN 100 TRIALS)|DEGREES OF FREEDOM 
10 


5 2.20 
50 -70 


3. The calculated + factor (4.04) shows conclusively 
that there is a real difference between the Boyle’s law 
porosimeter and the n-decane-displacement averages. 


4. The calculated ¢ factor (2.66) for comparison of 
averages for the water-displacement and the n-decane- 
displacement values lies between the critical values for 
the 1 and the 5 per cent probability levels, making 


the difference between the averages, d, appear to be real, 
but the test is not completely conclusive. 


EFFECT OF CONSOLIDATION ON GRAIN-DENSITY 
DETERMINATIONS — TABLE 4 


The grain-density determinations for the Wolfe field 
limestones and for the California sandstones on the 
whole and on the crushed cores demonstrate: 

1. None of the differences between the averages, d, 
exceed 0.01 gm/cc. 

2. The calculated ¢ factors for the water and for 
the n-decane-displacement values exceed the critical 
values for the 1 per cent probability level, indicating 
that although these differences between the averages are 
real, they are too small to be of practical consequence. 


COMPARISON OF POROSITY DETERMINATIONS BY HYDRO- 
CARBON AND BY WATER SATURATION FOR SOME 
MONAHANS LIMESTONES — TABLE 5 


The comparison of porosity determinations by water 
saturation and by n-dodecane saturation demonstrates 
that essentially the same effective porosity is accessible 
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TABLE 5 
COMPARISON OF POROSITY DETERMINATIONS 
BY HYDROCARBON AND BY WATER SATURATION 
FOR SOME MONAHANS LIMESTONES 


CORE AIR POROSITY IN PERCENT] n-DODECANE 
SAMPLE | PERMEABILITY | SATURATION LIQUID POROSITY 
NO. _{MILLIDARCIES | n-DODECANE WATER |WATER POROSITY 
632 <0.1 9.39 6.11 1.54 
642 0.13 2.06 2.62 0.79 
652 <0.! 10.49 0.94 
668 <0.! 10.02 8.04 1.25 
685 0.11 10.8 | 10.66 1.01 
693 0.11 6.64 6.68 0.99 
697 0.77 12.16 11.98 1.02 
707 <0.1 0.99 1.98 0.50 
714 0.86 7.19 6.62 1.09 
715 <0.! 1.55 2.29 0.68 
724 3.1 13.99 13.75 1.02 
AVERAGE = 0.98 


AV. DEV. 


TABLE 6 aes 
THE GRAIN DENSITY OF WYOMING BENTONITE 
HELIUM |BoYLE's LAW LIQUID DISPLACEMENT. |GRAIN 
CALC. ON BASIS 
DISPLACEMENT|POROSIMETER WATER|n-OCTANOL RPOECANEN 
gm/cc CLAY DRIED 
WYOMING BENTONITE 
2.682 2.672 |2.576] 2.513 2.345 | OVERNIGHT 
IN AN OVEN 
40.024 £0.018 |fo.11 | t0.011 | 40.040 | gy Noe c 
STD. DEV. 
2.635| 2.568 2.390 
EVACUATION 
| 40.013 | 40.046 | ar 
2.739" 2.662" | 6 HOURS 
EVACUATION 
+0. 055 +0.003 AT 110°C 


WYOMING BENTONITE-OCTADECYL AMINE COMPLEX 


2.179 | 2.170 2.208 | HOURS 
EVACUATION 


= +0.030 +0.040 +0.053 AT 110°C 


NOTE: EVACUATED FOR 24 HOURS INSTEAD OF USUAL 
| HOUR PRIOR TO LIQUID SATURATION 


to both liquids for these Monahans field limestones. 
The average ratio for the n-dodecane porosity to the 
water porosity was 0.98 + 0.19 average deviation. 


GRAIN-DENSITY MEASUREMENTS ON 
WYOMING BENTONITE 


In view of the differing results obtained for the 
grain-density determinations on the California sand- 


stones containing appreciable amounts of montmoril-~ 


lonite-type clays, it was believed desirable to compare 
the accuracy and precision of these same procedures 
directly on a swelling, montmorillonite clay. Wyoming 
bentonite was selected for these experiments. 

The resultant grain densities of the Wyoming ben- 
tonite are given in Table 6. Measurements were made 
on three separate portions of the same clay sample un- 
less indicated otherwise. 

The helium-displacement grain density of 2.682 
gm/cc (+ 0.024 standard deviation) and the Boyle’s 
law porosimeter grain density of 2.672 gm/cc (+ 0.018 
standard deviation) are in very good agreement, The 
observed precisions of these two procedures compare 
favorably with the results obtained for calcite (Table 2). 

The liquid-displacement densities obtained for this 
clay were, with the exception of water, appreciably 
lower than those obtained with the gas-displacement 
procedures. The only modification over that of the pre- 
viously described procedure was adopted in the case 
of water. Owing to the slow penetration of the water 
into the clay, it was necessary to permit the pycnometers 
to stand for at least three days to establish constant 
weight. No difficulty was experienced in obtaining a 
constant weight in the usual time for the n-octanol and 
n-decane. 
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The average grain density obtained for water was 
2.576 gm/cc (+£0.11 gm/cc standard deviation); with 
n-octanol, it was 2.513 gm/cc (+ 0.011 gm/cc stand- 
ard deviation); with n-decane, it was 2.345 gm/cc 
(+ 0.040 standard deviation). Refer to the first set of 
liquid-displacement values in Table 6. 


All samples in the first set of liquid-displacement 
measurements (Table 6) were dried by the usual pro- 
cedure of heating overnight in an oven at 110°C. When 
the bentonite was dried further by evacuation for six 
hours at 110°C, an additional water loss of 1.39 weight 
per cent occurred. Correction of the volume and of the 
dry weight of the above clay samples for this addi- 
tional 1.89 per cent of adsorption and hydration water 
present during the density determinations, and recalcu- 
lation of the above grain densities, yields the some- 
what greater values of 2.390 gm/cc for n-decane, 2.568 
gm/cc for n-octanol, and 2.635 gm/cc for water 
(second set of liquid-displacement grain densities in 
Table 6).* 


A third set of liquid-displacement grain densities were 
measured for a portion of the same Wyoming bentonite 
clay with n-decane and water as the displacement 
liquids. Greater precautions were taken to dry the clay 
completely and to remove as completely as possible any 
air that was present prior to saturation with the liquids. 
This was achieved by evacuation for 24 hours of the 
clay samples in the pycnometers after the usual period 
of drying overnight in the oven at 110°C and prior to 
saturation with the displacement liquids. The results of 
this third set of measurements are shown in Table 6. 


These experiments demonstrate that the grain densi- 
ties of clay minerals such as this Wyoming bentonite 
measured by gas displacement are in reasonable agree- 
ment with those obtained by the displacement of either 
water or n-decane in a pycnometer when considerable 
precautions are taken to dry the clay completely and to 
minimize the amount of air present prior to saturation 
with water. It is evident, however, that even with 
the considerable precautions used for the third set of 
measurements in Table 6, the grain densities obtained 
by n-decane displacement are still appreciably lower 
than the water-displacement values. 


Two explanations can be offered to account for the 
diverse grain-density determinations obtained with va- 
tious displacement liquids. One possible explanation is 
that should an appreciable fraction of the liquid ad- 
jacent to the solid surface have other than the normal 
bulk liquid density, the apparent grain volume of the 
solid as obtained in a pycnometer measurement would 
be in error. Tschapek’ reported abnormally high den- 
sities for adsorbed water on several soils. 


The second possible explanation for discrepancies 
among the various liquid-displacement grain densities 
is that there may be considerable variations in the de- 
grees of completeness with which the liquids penetrate 
and occupy all the available void space within the fine 
interstices of the clay matrix. Partial explanation may 
be found in the relationship of the sizes of the mole- 


0.9861: 
0.013921 
dz ds 
where di= grain density of clay dried by evacuation for six hours 
at 110°C 


d2 = density of water at 30°C 

d3= density of displacement liquid at 30°C : 

wi = weight of clay dried overnight in oven at 110°C 

wz = weight of displacement liquid added to fill the pycno- 
meter at 30°C 

v = volume of the empty pycnometer 
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cules of the displacement liquid to the dimensions of 
the finer pores within the clay matréx, and partial 
explanation may lie in the varying degrees of efficiency 
with which the displacement liquids replace the oc- 
cluded and adsorbed air within the clay matrix. The 
grain densities obtained with the various liquids ap- 
pear to be a function of the polarity of the liquid, 
with n-decane yielding the lowest density and water 
the highest density (Table 6). Similar results have been 
obtained for montmorillionite clays by other experi- 
menters, Anderson and Mattson,* Russell,” Tschapek,’ 
and DeWit and Arens,’ who observed that grain-density 
measurements made with polar liquids such as water 
gave higher values than with nonpolar hydrocarbon 
liquids. 


EFFECT OF WETTABILITY ON | 
LIQUID-DISPLACEMENT GRAIN-DENSITY 
MEASUREMENTS 


The variation of the grain density of the Wyoming 
bentonite obtained by liquid displacement with the 
polarity of the liquid (Table 6) suggests that the ex- 
tent of the penetration of the displacement fluid to the 
total available surfaces of the clay aggregates deter- 
mines the effective grain density. 

In order to investigate further the role of the wetta- 
bility of mineral surfaces in the determination of grain 
densities by the liquid-displacement procedures, the fol- 
lowing experiments were performed: A sample of Wy- 
oming bentonite was converted from its natural hydro- 
philic condition to a hydrophobic character by the ad- 
sorption of n-octadecyl amine (119 mg of amine per 
gram of clay). 

The clay was redivided into three portions after treat- 
ment with the amine, and the grain density of each 
of the three portions was first determined with the 
Boyle’s law porosimeter and then by the displacement 
of water and of n-decane in a pycnometer, and again 
with the Boyle’s law porosimeter. 

The effective grain density of the clay-amine complex 
obtained with both the gas- and the liquid-displacement 
procedures was appreciably lower than that of the 
original untreated clay (Table 6). If the amine was 
assumed to have its normal bulk density when ad- 
sorbed on the clay, the grain density of the clay-amine 
complex calculated to be 2.12 gm/cc. 

The grain density of 2.179 gm/cc (+0.030 gm/cc 
standard deviation) actually obtained with the Boyle’s 
law porosimeter represents the average of six measure- 
ments, three of which were made before the pycnometer 
measurements and three of which were made after the 
pycnometer measurements on the three portions of the 
sample. 


The densities of the clay-amine complex obtained by 
water and by n-decane displacement were in much 
closer agreement with the values obtained by the Boyle’s 
law porosimeter than was the case for the original un- 
treated clay. The precision obtained with the porosimeter 
indicated by the standard deviations was somewhat bet- 
ter than that obtained by either of the liquid displace- 
ments. An average density of 2.208 gm/cc (+ 0.053 
gm/cc standard deviation) was obtained with n-decane. 
The somewhat lower average density of 2.170 gm/cc 
( +0.040 gm/cc standard deviation) was obtained with 
water. 


Although the density determined with n-decane is 
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somewhat greater than the density determined with 
water, the difference between the grain densities is 
much less pronounced for the hydrophobic clay-amine 
complex than was the case of the clay in its natural 
hydrophilic condition. 

A partial explanation for the improved agreement 
among the grain-density determinations on the clay- 
amine complex may be indicated by the following sur- 
face-area measurements. The BET nitrogen surface area 
of the treated clay was found to be 3.3 m’/gm which 
corresponds to an average effective particle diameter of 
0.8 microns as compared with 27 m*/gm and an 0.08 
micron diameter for the original clay.* In addition it 
was determined that the area available to water vapor** 
at 30°C was 125 m’/gm for the treated clay, repre- 
senting a reduction to approximately one-third that of 
the 325 m*/gm obtained for the original clay. Similarly, 
the area available to n-heptane vapor** at 30°C was 
found to be 7.7 m’*/gm for the treated clay, represent- 
ing a reduction to approximately one-half that of the 
17 m’/gm obtained for the original clay. The ratios of 
the water surface area to the n-heptane surface area be- 
fore and after conversion of the bentonite clay to the 
octadecyl amine complex were 19 and 16, respectively. 
These surface-area measurements on the hydrophobic 
clay-amine complex and on the original hydrophilic clay 
show that there is greater capillary penetration in both 
cases by the water than by the hydrocarbon, n-decane. 
This is what might be expected of the water, owing to 
its smaller molecular size, greater surface tension, and 
greater polarity, the latter indicating enhanced adsorp- 
tion. 

The principal factors in the improvement in the 
agreement among the grain densities of the clay-amine 
complex by the water and by the hydrocarbon-displace- 
ment procedures are (1) the elimination of the macro- 
scopic swelling and (2) the appreciable reduction in 
the contribution of the smaller pore sizes to the total 
porosity of the clay matrix. 

Measurement of the surface areas accessible to water 
and to hydrocarbons affords some information on the 
varying degrees of penetration to be expected in liquid- 
displacement density procedures, but a completely con- 
clusive explanation for the discrepancies observed can 
only be provided by an accurate experimental deter- 
mination of the true density of the displacement liquid 
immediately adjacent to the surface of the solid. One 
experimental approach might consist of a helium-dis- 
placement grain-volume measurement of a clay with 
varying amounts of adsorbed water present on the 
surface. A second approach might consist of a liquid- 
hydrocarbon-displacement grain-volume measurement in 
a pycnometer, of a clay with varying amounts of ad- 
sorbed water present on the surface. The second pro- 
cedure was used by Tschapek,’ who reports abnormally 
high densities for water adsorbed on soils. In view of 
the difficulties we have experienced with swelling, oc- 
clusion of air, and the varying degrees of penetration 
of water and hydrocarbons into the finer interstitial pore 
structure of clays like Wyoming bentonite, the re- 
liability of this procedure may be questionable. 


*Assuming spherical shape, the particle diameter, D, i i i 
related to the-specific surface area, S in m?/gm density, d. 
in gm/cc by the following relation: pee 
6 
D=-——. 
Sd 
The gas-displacement grain densities from Table 6 were used 


“These measurements were made on a heli i i 
cal sprin - 
paratus (see Ref. 8). adsorption ap 
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SUMMARY 


1. Grain-density measurements on calcite (Iceland 
spar) provided a basis of comparison for the accuracy 
and precision of the procedures under investigation for 
a material with a high degree of chemical and physical 
homogeneity and for which fluid-solid interactions were 
at a minimum. 

2. Liquid-displacement procedures (water or n-de- 
cane) provided the greatest reliability and precision for 
measurement of the grain densities of the limestones 
tested. 

3. Gas-displacement procedures (helium or Boyle’s 
law porosimeter) provided the greatest reliability for 
measurement of the grain densities of the swelling 
clay, Wyoming bentonite, and shaly sandstones which 


contained appreciable amounts of swelling interstitial 


clays. 

4. These results should provide a useful basis for the 
selection of the most suitable grain-density procedure 
for application to some of the less tractable petroleum 
reservoir minerals (tight limestones, shaly sandstones, 
and swelling clays) and especially for use in the es- 
timation of formation porosity. 


RECOMMENDATION 


Recommended procedure for evaluating the suitabil- 
ity of grain-density procedures for new formations: 

1. Select 10 to 20 samples for evaluation tests. Ten 
are adequate for the application of statistical methods. 

2. Establish the precision for the selected formation 
samples by making duplicate measurements on each 
sample with each of the methods under consideration. 


Standard deviation = = 
y x (difference in duplicates )* 


2° (number of degrees of freedom) 
number of degrees of freedom = number of 
differences 
3. Compare all average grain densities with a sta- 
tistical method, such as the t-test used in this report. 
4. All comparisons between different methods should 


be made with the samples in the same state of consoli- : 


dation. 

5. All comparisons of the effects of consolidation, of 
the measurements on large and on small formation 
samples, of measurements on conventional and on side- 
wall cores, etc., should be made with one method for 
which the precision has been established as in (2) for 
the given formation samples. 

6. Important precautions necessary in the prepara- 
tion of samples with fine pore structure (tight lime- 
stones and shaly sandstones) for liquid-displacement 
measurements are: (a) adequate drying and (b) ade- 
quate evacuation to displace air, prior to saturation with 
displacement liquid. 

7. If, after the precautions indicated in the above 
items are taken, the average densities determined by 
two methods under comparison, e.g., Boyle’s law 
porosimeter with air and liquid displacement with a 
hydrocarbon liquid, yield appreciable discrepancies, it 
is recommended that the measurements be repeated with 
a second fluid, e.g., the porosimeter with helium and 
the liquid displacement with water. 

8. A critical evaluation based on grain-density meas- 
urements on a small number of samples (10 to 20) and 
involving the application of statistical methods should 
provide a sound basis for selection of the method 
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which gives reliable results and which is suitable for 
routine measurements for the formation minerals in 
question. 
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APPENDIX 
A NEW BOYLE’S LAW POROSIMETER 


This appendix describes the Operating principle and 
construction of a new modification of the Boyle’s law 
porosimeter, designed on the basis of an idea suggested 
by W. R. Purcell. 


This porosimeter was designed with the objectives: 
(1) to minimize the uncertainty in the grain-volume 
measurements introduced by variations in temperature 
and by adsorption, and (2) to simplify the experimental 
procedure. It offers several advantages over the conven- 
tional Boyle’s law apparatus as will be seen from the 
description of the apparatus and the procedure. No 
absolute pressure measurement is required; temperature 
changes are unimportant; and adsorption effects should 
be negligible. 

The grain volumes of small core samples, permeabil- 
ity plugs, drill cuttings, and unconsolidated or crushed 


‘reservoir minerals can be measured with this porosi- 


meter. Grain volumes of from 2 to 8 cc can be meas- 
ured with a reproducibility of 0.01 to 0.03 cc. Grain 
densities can be determined with a precision of 0.01 to 
0.02 gm/cc. The operating procedure is simple and the 
grain-volume measurements can be made with great 
rapidity. 


The details of the construction of the porosimeter are 
shown in Figs. 1 and 2. 


The brass block (3 X 2% X 6 in.) has two vertical 
cylindrical chambers of equal size. This particular po- 
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Fig. 1—ExpLopep View oF New Boyte’s Law PorosimMeter. 


rosimeter was designed to accommodate permeability 
plugs 1 in. in diameter and 1 in. in length, or the equiv- 
alent amount of crushed rock, but the chambers could 
be enlarged to accommodate appreciably larger samples. 

The chambers are closed by knurled lids which seat 
on a metal shoulder to assure a reproducible volume and 
which make an air-tight seal by means of a raised rim 
resting on a flat neoprene gasket. The lids are secured 
by locking clamps and screws with clamp brackets at 
the sides of the chambers. 

The two chambers are connected to opposite legs of 
an oil manometer through 3/16-in. copper tubing and a 
brass tee. Aside from the manometer, the only intercon- 
nection between the two chambers is through a metal 
valve across the top of the manometer. 

The stopcock and tubing connection at the bottom of 
the manometer permit adjustment of the manometer 
fluid to a constant level, which must be maintained so 
that no change in the effective volume of gas space of 
either chamber occurs during the course of the volume 
measurements. A thermometer reader was used to facili- 
tate observation of the position of the meniscuses of the 
manometer. 


The manometer is joined to the tee by means of glass- 
to-metal connectors which consist of flared glass tubing 
in conjunction with Imperial flared tubing nuts. Six-mm 
OD glass tubing and 3/16-in. nuts were employed in the 
porosimeter described here. If the face of the flare is 
ground flat, the sharp edges on the Imperial fittings filed 
off, and one gasket of appropriate size placed behind the 
flare and one between the flared glass tubing and the 
metal fitting (in this case a 3/16-in. Imperial brass tee 
51-F), a quite satisfactory seal can be effected. Gasket 
materials such as natural rubber, neoprene, and teflon 
have been used successfully. 


The manometer, the 3/16-in. copper tubing, and the 
brass tees, which enclose essentially all the gas space on 
the exterior of the brass block, are insulated by lagging 
with asbestos tape. This is done to insure that the tem- 
perature of all the gas enclosed within the porosimeter 
does not differ appreciably from the temperature of the 
brass block. 


The total gas volumes of the vertical chambers, con- 
necting tubing, etc., on each side of the toggle valve are 
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approximately 20 cc. The effective volume of the free 
gas space of each chamber can be varied by means of 
a micrometer (Brown and Sharpe Inside Micrometer 
No. 250) spindle which can be moved in and out of a 
horizontal, cylindrical chamber. This horizontal cham- 
ber communicates with the vertical chamber through a 
¥-in.-diameter passage. The spindle moves through an 
air-tight seal which is effected by a two-member teflon 
gasket assembly. The micrometer assembly makes up’ 
against the teflon gasket assembly by means of a com- 
pression nut which in turn makes up into the brass 
block. 


OPERATING PRINCIPLE 


It is seen from the above description of the apparatus 
that the porosimeter consists essentially of two chambers 
of about equal size, the volume of each of which can be 
changed in small, known increments by the displacement 
of an accurately machined piston (micrometer spindle). 
The two chambers are connected to each other through 
opposite legs of an oil-filled manometer which indicates 
when the volumes of the two chambers have been ad- 
justed so that their pressures are the same. 


If the chambers are initially at the same pressure, 
then the ratio of the change in volumes required to 
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bring both chambers to some higher pressure is related 
directly to the ratio of the volumes of gas in the two 
chambers, By placing a metal cylinder of known volume 
in one of the two chambers and repeating the test, the 
volume of each chamber can be determined and subse- 
quently the grain volume of samples placed in the cham- 
ber can likewise be determined. 

The following calculations will illustrate how the vol- 
ume of the empty chambers jis determined. When the 
chambers are closed and isolated from each other by 
closure of the toggle valve, we have specified that the 
ratio of the number of moles of air in the right, Nz, and 
in the left, N,, chamber is some constant A. 


(1) 
Ve = initial volume of the empty right-hand 
chamber 
V, = initial volume of the empty left-hand 
chamber 
Pi, tx, Zp “= initial pressure, absolute temperature, and 
compressibility of the air in the right- 
hand chamber 
— initial pressure, absolute temperature, and 


compressibility of the air in the left- 
hand chamber 

Wo = volume decrease in the right-hand cham- 
ber due to the inward movement of the 
right micrometer spindle 


AV, = volume decrease in the left-hand cham- 
ber due to the inward movement of the 
left micrometer spindle 

= final pressure, absolute temperature, and 


compressibility of the air in the Tight- 
hand chamber after movement of the 
micrometer spindles 2 

P’ T), Z, = final pressure, absolute temperature, and 
compressibility of the air in the left- 
hand chamber after movement of the 
micrometer spindles 


In operation, the initial pressures in the two cham- 
bers are the same, ie., P, = P,. Furthermore, the 
volume of the left-hand chamber is decreased by an 
increment, AV,, and the volume of the right-hand 
chamber is then decreased by the amount necessary to 
equalize the pressures in the two chambers as indicated 
by a zero reading of the U-tube manometer; this speci- 
fies that P’, = P’. In addition, the apparatus is so de- 


signed that it is reasonable to assume T, = T,, and 
T’, = T).* From these imposed conditions it follows 


that Z, = Z, and Z’, = Z’. Hence, Eq. 1 reduces to 
the following: 


2) 


V, V, 
which may be further reduced to 
= Ve = AVe (3) 
Vin 


*The large heat capacity of the massive brass block should 
effectively control the temperature of the enclosed gas space. In the 
event that local heating occurs within one of the chambers, the high 
thermal conductivity of the brass would insure that the heat would 
be rapidly transmitted to the entire block. Although the temperature 
of the brass block may change in response to changes in the 
temperature of the surrounding air or to local temperature variations 
within the instrument itself, all the enclosed gas space should be 
effectively maintained at essentially the same temperature as the 
block so that Tz always equals Tr. 
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If a metal cylinder of known value Vz, is placed in 
the right-hand chamber and the above procedure is 
repeated, we have a new ratio B, such that 
NEY = 


From measurements of and 


Eqs. 3 and 4 can be solved for the two unknown vol- 
umes V, and V,. 


Vy Vz 


The micrometer spindles are sufficiently uniform in 
diameter (0.713 + 0.001 cm) that the linear displace- 
ment of the spindle can be used as a direct measure of 
incremental volume change. The smallest division on the 
micrometer calibration scale that can be reproducibly 
read corresponds to a volume increment of 0.0002 cm.” 

Once V, and V, are known, any unknown volume 
Vx, which is introduced into the right-hand chamber, 
can be determined in a similar manner. 


Vi 


(6) 


OPERATING PROCEDURE 


A typical data sheet for the porosimeter is presented 
in Table 7. The first step is the determination of the 
volume of the empty chambers. This is done in the fol- 
lowing manner: The chamber lids are closed and se- 
cured, the micrometers are both placed exactly on the 
2.000 calibration, and the toggle valve is closed. The 
left-hand micrometer is moved in exactly to the 8.000 
position of the micrometer scale and the right-hand 
micrometer is moved in until the manometer is exactly 


TABLE 7 
POROSIMETER DATA SHEET 


Left Micrometer Reading ~ 


Right Micrometer Reading 
A. Both Chambers Empty 


(1) (2) (3) (4) (5) 
Initial Position 2009 2000 2000 2000 2000 2000 
Final Position 8000 8067 8063 8062 8065 8060 
Difference 6000 6067 6063 6062 6065 6060 
According to equation Gay 
1.0112, 1.0105, 1.0103, 4.0108, 1.0100 = 1.0106 + 0.0004 
Vy (av. dev.), 
B. Steel Calibration Cylinder (6.395 cc = Vs) im Right Chamber 
(1) (2) (3) (4) (5) 
Initial Position 2000 2000 2000 2000 2000 2000 
Final Position 8000 6173 6176 6175 6178 6177 
Difference €000 4173 4176 4175 4178 4177 
Ve - 6.395 
BS SS 0.6955, 0.6960, 0.6958, 0.6963, 0.6962 = 0.6960 + 
vp AVE 0.0002 (av. dev.) 


from equation (5). 
ZO 


Vp = 20.542 cc. 


C. Single Calcite Crystal (6.8440 gm) in Right Chamber 


(1) (2) (3) 
Initial Position 2000 2000 2000 2000 
Final Position 8000 7323 7318 7320 
Difference 6000 5323 5318 5320 


Vp - Vy 


Crs = 0.8872, 0.8863, 0.8867 = 0.8867 + 0.0003 (av. dev.) 


le 
from equation (6). 
Vise 


Calcite density = 6-8440 am 9.718 gm/cc. 
2.518 cc 


} 
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balanced, indicating that the pressures in the two cham- 
bers are equal. The right-hand micrometer reading 1s 
read and recorded (see Part A, Table 7). 

At this point the reading can be repeated by opening 
the toggle valve, returning the micrometers to the 2.000 
positions, closing the toggle valve, and repeating the 
procedure described above; a sequence of five readings 
is desirable for the calibration measurements, but three 
readings should be adequate for a given grain-volume 
measurement on a core sample. 

Two precautions are necessary to insure the max- 
imum reproducibility: (1) all readings should be made 
with the micrometer spindle moving in the same direc- 
tion over the teflon sealing gasket—preferably inward, 
and (2) the manometer fluid must be maintained at 
some constant level during all measurements to insure 
that there is no change in the effective volumes of the 
chambers. 

The second step in the calibration procedure consists 
of the introduction of a steel cylinder of known volume 
into the right-hand chamber and the repetition of the 
proce jure described above for the first step of the cali- 
pratic-n. 

Uvon completion of this second step in the calibra- 
uou it is possible to calculate the volumes of the 
evipty chambers. 
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Referring to the data of Part A, Table 7, the ratio, 
A, of the volume of the right-hand chamber to the left- 
hand chamber (both chambers empty) can be evaluated 
by taking the ratio of the differences of the initial and 
of the final positions of the micrometers in lieu of the 
actual volume increments of the micrometer spindles 
(the diameters of the two micrometer spindles do not 
differ more than 0.002 cm). Similarly in Part B of 
Table 7, the ratio, B, of the volume of the right-hand 
chamber decreased by the volume of the calibration 
cylinder to the volume of the empty left-hand chamber 
can be evaluated in terms of the ratio of the differences 
in the initial and the final positions of the micrometers. 
The validity of these relationships has been established 
in Eqs. 3 and 4. The volumes of the empty chambers 
can now be established in terms of the ratios A and B 
(see Eq. 5). The empty chamber volumes can be estab- 
lished with a reproducibility of the order of 0.01 to 
0.02 cc. 

The volume of a mineral sample can be determined 
by using the procedure that was used in Part B for the 
calibration cylinder (see Part C, Table 7). Once the 
ratio, C, of the volume of the right-hand chamber de- 
creased by the unknown volume to the volume of the 
empty left-hand chamber has been determined, the un- 
known volume can be evaluated by application of 
6: 
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Water drives may be natural or artificial. For the case 
of a natural water-drive reservoir, the volume of water 
influx corresponding to reservoir pressure-production 
history may be calculated by means of the material bal- 
ance-unsteady state equation. For the artificial water 
drive or pattern injection water flood, the material bal- 
ance equation is sufficient to determine the reservoir 
pressure-production, injection history. However, for both 
cases to reliably predict reservoir performance, it is 
necessary to calculate the saturation distribution of the 
reservoir fluids at different stages of depletion. 

This paper consolidates the various equations used 
to determine the performance of water-drive reservoirs 
into one approach that is applicable to any reservoir 
that has a natural water drive or is to be produced by 
water injection. The numerical procedure has been sim- 
plified considerably, and the solution is adaptable to 
either hand calculations or digital computer operation. 


INTRODUCTION 


A water-drive reservoir is one in which the pre- 
dominant source of energy for production of oil re- 
sults from the encroachment of water into the oil zone. 
The water drive may be either natural or artificial. 


Water invasion takes place by expansion of water 
in the aquifer as a result of the pressure decline trans- 
mitted from the oil reservoir. Because water is prac- 
tically incompressible, a natural water drive requires 
an extensive aquifer containing a volume of water many 
times the volume of oil in the reservoir. Provided the 
permeability of the formation is reasonably high, a 
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moderate decline of reservoir pressure usually causes 
adequate water influx. 

If the reservoir pressure decline becomes excessive 
because of low permeability or a high rate of produc- 
tion, part of the oil production may result from the 
liberation of dissolved gas which may cause excessive 
quantities of free gas to be produced along with the 
oil. In extreme cases, reservoir pressure may decline so 
rapidly as to cause the oil to be produced predominantly 
by dissolved gas drive, leading to abandonment of the 
reservoir before the advancing water has had a chance 
to flush the entire reservoir. 

In reservoirs that are not connected to extensive 
aquifers, an artificial water drive may be created by in- 
jecting water into or around the lower edges of a reser- 
voir. 


Sometimes water is injected within the reservoir 
through wells interspersed among the producing wells. 
When injection is carried out in such fashion, the reser- 
voir is in effect subdivided into a number of separate 
producing segments, in each of which the displacement 
of oil is simultaneously taking place, and the shapes of 
which are fixed by the well patterns employed. Because 
of the natural tendency of oil and water to segregate 
according to their relative densities, water will tend to 
migrate downdip regardless of where injected. Accord- 
ingly, the injected fluids can be retained within the in- 
tended reservoir segments only when conditions are un- 
favorable to their migration under the force of gravity. 
Pattern injections are usually confined, therefore, to 
reservoirs having low structural relief, or low per- 
meability, or when production and injection rates are 
such that fluid movements in the reservoir are dominated 
by the pressure gradients rather than by the force of 
gravity. 

In the case of natural water-drive reservoirs and ar- 
tificial water-drive reservoirs in which the water is in- 
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jected into the lower portions of the reservoir, rate 
plays an important role in the ultimate oil recovery. It 
is necessary to control the rate of production to such a 
degree that the oil may be replaced by water at a de- 
sirable level of reservoir pressure, the force of gravity 
may keep the advancing oil-water contact reasonably 
uniform, and the water may displace the oil from the 
less permeable sand stringers into the more permeable 
sand stringers as it moves along the bedding planes. 

For homogeneous reservoirs that are water flooded 
by pattern injections, the oil recovery should be fairly 
insensitive to rate. However, in non-homogeneous reser- 
voirs, consisting of lenses of low permeability sand 
embedded in a higher permeability sand body, a high 
flood rate may cause a loss of recoverable oil as a re- 
sult of by-passing oil in the low permeability lenses. 

To determine an efficient method of producing reser- 
voirs, the engineer must ascertain: 

1. The presence and magnitude of any possible water 
drives. 

2. The economic feasibility of converting reservoirs 
with weak or nonexistent water drives to artificial water- 
drive reservoirs. 

3, The method of water injection to be used. 

4. A suitable rate of production for each reservoir. 

To accomplish this, certain well-known reservoir en- 
gineering calculations can be utilized which may be de- 
scribed briefly as the solution of the volumetric bal- 
ance, unsteady state, and displacement equations. Many 
recent improvements have been made on this type of 
calculation procedure in the form of mathematical 
short cuts and simplifications resulting from experience 
in working this type of problem. In the following dis- 
cussion, the methods of calculating the performance of 
natural and artificial water-drive reservoirs are de- 
scribed in detail. 


MECHANISM OF OIL DISPLACEMENT’ 


Consider a sand increment with a cross-sectional area 
of A sq ft, a length of dL ft, and a porosity of ¢ 
saturated with oil and connate water. Also, fluid com- 
posed of water and oil is entering the sand increment 
during the time, dt days, at a rate equal to q, cu ft/day. 

The water saturation in the sand increment at the 
beginning of time dt is equal to S,,;. 

The water saturation in the sand after flowing gq, dt 
cu ft of fluid through the sand increment during time 
dt is equal to S,,.. Therefore, the accumulation of water 
in the sand increment during time dt is equal to ¢ A dL 
Suns 

Also, the fraction of the flowing stream that is water 
is equal to f,. The volume of water in the flowing 
stream entering the sand increment is equal to fy: qr dt. 
The volume of water in the fluid flowing out of the 
sand increment is equal to f,,. gr dt. Therefore, the 
water accumulation in the sand increment is also equal 
to qr dt Thus, 


Gu dt aj, 
= 
or (2) 
From Darcy’s law, f,, = 
1 
dL 
where, = 


Or bo 


References given at end of paper. 
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The capillary pressure term may be eliminated in most 
cases because the effect of capillary forces in the dis- 
placement of oil tends to become negligible in homogen- 
eous reservoirs at all but extremely low rates of water 
advance.” 


is, 
(4) 
dn kyo 
where, M, = M,= 


Eqs. 2 and 4 are used to construct a saturation profile 
for the reservoir in a direction along the bedding planes 
away from the source of the displacing fluid. Fig. 1 
illustrates such a curve and corresponds to a reservoir 
in which oil is being displaced by water. 

The area enclosed by the saturation profile in ex- 
cess of that representing connate water is the water 
that has invaded and remained in the oil zone. 


PRACTICAL APPLICATION 


In order to apply the displacement equations to the 
problem of calculating oil recovery by water displace- 
ment, it is necessary to know what type of operation is 
to take place. For instance, water displacement as a 
part of primary recovery or pressure maintenance op- 
erations usually requires a more extensive calculation 
procedure than secondary water flooding. Therefore, 
water displacement under primary and secondary fe- 
covery Operations will be treated separately in the 
following discussion. 


PRIMARY RECOVERY OR PRESSURE 
MAINTENANCE OPERATIONS 


Frequently, it is desirable to determine the ultimate 
recovery that might be expected from fields producing 
with predominant water drives. For economic reasons, 
it is a necessity to calculate the ultimate recovery from 
dissolved gas or gas-cap-drive fields that are being con- 
sidered for conversion to water-drive fields by water 
injection. The calculation procedure for either of these 
two cases is similar if the water injection is to be con- 
ducted through wells completed below the oil-water con- 
tact or in the lower portion of the oil zone. 

In order to determine what displacing mechanisms 
are acting in the reservoir and their relative magnitudes, 
it is necessary to solve the volumetric balance and un- 
steady state equations simultaneously for several differ- 
ent time intervals during the past producing life of the 
reservoir. Eq. 5 is a volumetric balance equation that 
may be used for water-drive reservoirs. For reservoirs 
that do not have gas caps the terms corresponding to 
this source of displacing mechanism may be eliminated. 

n-1 


> AN, (B, ay, AN, (B, = 
B, B, 


kro Pos B, 
+ + B.Bi: AN Goren) By + W, 


ro fey 9 


(5) 


Eq. 6 is the unsteady state equation.’ 


VOL. 210, 1957 


(6) 


where C=yd¢c,hr and where y = 27 when the 
reservoir is open to water influx all around the peri- 
phery. 

By substituting Eq. 6 into Eq. 5 for the water in- 
flux W, term, a value of C may be obtained which 
should be constant for a given reservoir. If this value 
of C is constant for most of the past pressure survey 
intervals, reliable predictions of future reservoir per- 
formance may be made. Also, the strength of the water 
drive as compared to gas Cap or dissolved gas drive may 
be determined after successfully making this calcula- 


tion. 


If it is determined that the natural water influx is 
contributing very little to the displacement of oil from 
the reservoir, it may be desirable to augment the avail- 
able water drive by injecting extraneous water into the 
aquifer. The volume of injection water required to 
maintain reservoir pressure is equal to the volume of 
reservoir withdrawals less the volume of natural water 
influx. 


The calculation of future performance involves es- 
timating the oil, gas, and water production for the 
period in which the predictions are to be made. Before 
reliable estimates of production volumes can be made, 
it is necessary that the location of the gas-oil and oil- 
water contacts during this period be known. 


The displacement equations are used to determine 
thé distribution of water that has invaded the oil zone 
during any period of past or future production. 


Eqs. 2 and 4 are used to construct a saturation-dis- 
tance profile for water invading a reservoir as shown 
in Fig. 1. To solve Eq. 2, it is necessary to know the 
total volume of water entering the reservoir during the 
first period of production. Eq. 7 is employed to obtain 
this value. 

Ons 
volume of water invading 


Segment A from the aquifer 
during the period 


It should be noted here that a period of production 
should include several pressure survey intervals, a 
procedure which is necessary to prevent the displace- 
ment equations from becoming unwieldy. During each 
period, water invades a segment. Thus, during the 
first period, Segment A is invaded by water; during 
the second period, Segment B is invaded; and so on 
through additional periods and segments until all of the 
wells in the reservoir have been passed by the water 
front. At this time, additional water influx will be 
produced or will replace oil-behind the water front, 
and the reservoir will be considered depleted when the 


gross water influx 
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wells are producing at an uneconomical ratio of water 
to oil. 

The rate of water invading the reservoir during the 
first period is calculated by using Eq. 8. 


(8) 


The saturation-distance profile for the first period of 
production should be constructed as shown in Fig. 2. 
The volume of water entering the oil zone and not 
Produced occupies a volume in the reservoir repre- 
sented by the area between the saturation profile and 
the connate water saturation. Therefore, the oil-water 
contact at the end of the first period of production may 
be calculated by using Eq. 9. 
3-615 (W, — W,) (9 
Thus, the saturation profile as shown in Fig. 3 may be 
completed by the addition of a vertical line represent- 
ing the position of the oil-water contact at the end of 
the first period of production. 

For the second period of production, the volume of 
water entering the-oil zone is calculated by using Eq. 7. 
The saturation profile in Segment A is then calculated 
by use of Eqs. 8, 2, and 4 and adding the values of dL 
calculated for the different values of water saturation to 
the saturation profile existing at the end of the first 
period as shown in Fig. 4. 

The fluid leaving Segment A and entering Segment 
B is not only water but contains oil also, Therefore, 
the volume of fluid entering Segment B is calculated 
by using Eq. 10. 


volume of fluid 

invading any — invading the 
subsequent seg- _ Preceding seg- __ 
ment during the ment during the 
period period 


dra = 


‘A 


volume of fluid volume of water volume of oil 
produced during produced during 
the period from _ the period from 
wells completed wells completed 
in the preceding 
segment 


in the preceding 


segment 
The rate of fluid invading Segment B may be cal- 
culated by using Eq. 11. 


The saturation profile for Segment B may then be cal- 
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culated by using Eqs. 2 and 4 and plotted as shown 
in Fig. 4. The new position of the oil-water contact 
at the end of the second period of production is calcu- 
lated by means of Eq. 12 and plotted as shown in Fig. 5. 


SOUS (W, W,,) ale L, (Sane bad Cae) 
A 


L,= 
(12) 


If calculations concerning future reservoir perform- 
ance are being made, it is necessary to predict the vol- 
ume of water being produced from each segment in 
order to solve Eqs. 9, 10, and 12. This can be done by: 
(1) plotting the wells on the saturation-distance pro- 
file at the point along the bedding planes corresponding 
to their respective completion intervals, (2) calculating 
the fraction of water in the total production from the 
well at the beginning and at the end of the period by 
means of Eq. 3, and (3) converting the fraction of 
water calculated for these two dates to barrels of 
water per day corresponding to these two dates and 
solving Eq. 13 for total water produced by the well 
during the period. The assumptions are made in Eq. 13 
that a constant daily rate of oil is produced from the 
well during the period of production and that the pro- 
ducing water-oil ratio increases exponentially. 


= At 


AW’, ; (13) 
water production ] b n 
from a well n bh’ 
during period (n-1) 
win) = Tate of water production from well at end of 
period n, barrels of water per day. 

b’ 
1 


The procedure is followed for subsequent periods until 
the last line of wells has been reached by the advancing 
oil-water contact. At this time, further oil production 
can be obtained although it will be accompanied by 
large volumes of water. The displacement equations 
will continue to indicate the saturation distribution of 
invading water in the oil zone, but no more separate 
segments will be invaded because there is no place 
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for water to go after it has reached the last line of 
producing wells except out of the wellbore. When an 
uneconomical ratio of water to oil production has been 
reached, the reservoir is abandoned. The volumetric 
balance which has been worked out for each period of 
production contains the cumulative production and in- 
jection volumes as well as the incremental values cor- 
responding to each period of production which are 
useful in applying economics to the reservoir study. 

A completed saturation-distance curve for a hypo- 
thetical reservoir that has been completely flushed by 
water is shown in Fig. 6. The complete producing life 
of this reservoir has been calculated in six time steps. 
It is evident that the number of wells by-passed by the 
advancing water front and the water saturation pre- 
vailing at each well during the entire producing life of 
the reservoir can be obtained from the completed 
saturation-distance curve. 

For reservoirs that have horizontal bedding planes 
or no vertical permeability, the recoverable oil is pri- 
marily a function of certain reservoir properties; the 
oil-water relative permeability relationship, the oil- 
water viscosity ratio, and the effect of capillary forces 
in expelling oil from less permeable strata to the more 
permeable strata. 

For conditions where gravitational forces are impor- 
tant with respect to viscous forces, the oil recovery will 
be greater for larger angles of dip, higher reservoir per- 
meability, and lower rates of water advance along the 
bedding planes as indicated by Eqs. 2 and 4. The 
amount of increase in oil recovery that may be expected 
in a typical reservoir when these quantities are varied 
is shown in Fig. 7. Basic data employed in the prep- 
aration of Fig. 7 included relative permeability data 
and hydrocarbon data from a Southwest Texas Frio 
formation reservoir. A reservoir having an angle of dip 
to the bedding planes of 5°, a permeability of 100 md, 
and in which the water is advancing at a rate of 1 ft/day, 
would have a C, equal to 0.204 and 58 per cent of the 
original oil would be recovered at breakthrough. If the 
permeability were 1 darcy and the other properties re- 
mained unchanged, C, would increase to 2.04 and 
61.5 per cent of the original oil would be displaced. 
If the rate were reduced to 0.2 ft/day, C, would be- 
come 10.2 and the oil recovery would increase to 70.5 
per cent of the original oil in place. Because the bed- 
ding planes must have dip or there must be vertical 
permeability for C, to have value, this constant may 
be called the gravity term in the displacement equations. 


SECONDARY RECOVERY OPERATIONS 


Most gas cap and dissolved gas drive reservoirs that 
have been or are nearly pressure depleted under pri- 
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mary recovery operations have an additional oil re- 
serve that may be obtained by water displacement. An 
Operation of this sort would be a secondary recovery op- 
eration and would be termed “water flooding”. 

Before waterflooding operations can be initiated for 
a specific reservoir, the economics of the venture must 
be determined, which would entail calculating the ad- 
ditional recovery to be obtained by water flooding and 
comparing its value to the investment and operating 
expense of the operation. 


The additional recovery is dependent primarily upon 
the following factors: (1) the residual oil saturation 
which can be realized at the water percentage cor- 
responding to the economic limit of production from 
a well, (2) the flooding pattern that is employed, and 
(3) the heterogeneity of the formation. 


_The continuity Eg. 2 can be used to predict pattern 
waterflood recoveries as well as recoveries from primary 
and artificial water drives. In the case of the peripheral 
or line water flood, recovery and performance may be 
predicted in much the same manner covered in the dis- 
cussion on natural water drives and pressure main- 
tenance water injection projects. One variation is that 
production of oil is postponed until reservoir “fill-up” 
is achieved. The gas saturation that exists in the reser- 
voir prior to water flooding must be replaced by in- 
jected water before any significant improvement in oil 


production is realized. After the fill-up is achieved, 


the flood will perform in the same manner as a pres- 
sure maintenance water drive. 


The pattern flood presents a different problem in 
that pattern efficiency becomes a most important fac- 
tor in the oil recovery calculations. The ultimate recov- 
ery from the operation is the product of ultimate re- 
covery from the flooded section as obtained from the 
displacement equation and the pattern efficiency at the 
economic limit of operation. 


A rigorous solution of the performance of a pattern 
flood requires the solution of the displacement equa- 
tions and an equation relating the growth of the pat- 
tern with flood progression. To date, this second equa- 
tion is unavailable and, in absence of this knowledge, 
the following calculation procedure is presented as a 
method to approximate the production performance of 
a pattern flood. 

A slight modfication of the displacement equation 
may be employed to compute the residual oil satura- 
tion which is obtained in a pattern water flood. 

Eq. 3 may be simplified to Eq. 14, 


bo 
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The simplification is possible because in a pattern in- 
jection the effects of gravity in improving the displace- 
ment of oil by water are minimized; and, therefore, 
the gravity term in Eq. 3 may be eliminated. 

The water saturation at the producing well when 
water is first produced (breakthrough) may be calcu- 
lated by Eq. 15 in a trial-and-error procedure.* 


Once the water saturation at the point of breakthrough 
is established, the average water saturation above con- 
nate water existing between the injection and producing 
wells in the flooded area of the pattern can be deter- 
mined by Eq. 16, 
(BT) 
Waterflooding operations are ended when the eco- 
nomic limit is reached. This economic limit corresponds 
to the producing water percentage at which the cost of 
water treatment and injection is greater than the income 
derived from the oil being produced with the water. 
Once the operating costs are calculated or estimated and 
the fraction of water in the total daily production from 
the well corresponding to the economic limit is deter- 
mined, Eq. 17 may be used to calculate the water satu- 
ration that must exist at the producing well to cause 
this fraction of water to be produced. 


= (16) 


= 1 ¢ (iy 
rw Maw 


Because k,,/k,., is a function of S’,., the water saturation 
at the well corresponding to the economic limit of water 
production may be readily determined. 

At any time corresponding to or after breakthrough, 
the average water saturation existing in the flooded area 
of the pattern between the injection and producing well 
may be calculated by determining the water saturation 
at the well from Eq. 17 and solving Eq. 18. 


(df 


where 


w 


The oil saturation remaining in the flooded pore volume 
between the producing and injection well is then calcu- 
lated by Eq. 19, 

If the reservoir pressure is not increased during the 
waterflooding operation, some of the initial gas satura- 
tion will remain in the flooded area after the flood is 
terminated. 

The value of gas saturation existing in the flooded 
area after the flood has ended (S,,) may be determined 
from core analyses. The procedure would consist of 
flooding cores with an initial gas saturation correspond- 
ing to the gas saturation actually existing in the reservoir 
prior to the flood. If the reservoir pressure is increased 
during the water flood, the possibility exists that the 
initial gas saturation could be eliminated as a result of 
the gas dissolving back into the oil, which would sim- 
plify the solution of Eq. 19. 

To determine the oil recovery by water flooding as 
per cent of oil originally in place, Eq. 20 is used, 
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After water breakthrough has occurred, additional oil 
will be produced at fairly high water percentages and 
the operation will become less profitable. Frequently, it 
is desirable to determine the cumulative volume of water 
which must be injected into the reservoir to cause a cer- 
tain producing water percentage. This may be done at 
breakthrough by using Eq. 21. 


Reservoir pore volume 
W er) GC) drained by one producing 
well 


The volume of injected water corresponding to any pro- 
ducing water percentage after breakthrough may be 
solved by Eq. 22. 

Exiny 


The cumulative volume of water produced from a well 
subsequent to water breakthrough may be calculated by 


using Eq. 23. 
Reservoir pore volume 
= = Cu) (rained by one producing ) Ew 


well 


W in rT W (22) 


5615 


In order to solve Eqs. 21, 22, and 23, the geometry 
and the areal pattern efficiency of the particular injec- 
tion pattern that is being studied must be known. The 
geometry of the pattern can be described by the net 
sand thickness, well spacing, type of pattern injection to 
be employed, and any irregularities in the pattern such 
as faults or sand pinchouts. 

Pattern efficiency is influenced by the type of pattern 
employed and by the mobility ratio. Dyes, et al,’ have 
presented experimental data on the influence of mobility 
ratio on oil production after breakthrough, and Dyes 
and Braun* have presented experimental data on sweep- 
out patterns in depleted and stratified reservoirs. These 
references include experimental data which may be em- 
ployed to predict performance for a number of different 
mobility ratios. 

Fig. 8 shows the results of some laboratory experi- 
ments performed by Craig, Geffen, and Morse’ on the 
effect of mobility ratio on the efficiency of a five-spot 
pattern at water breakthrough. All available information 
indicates that the pattern efficiency improves with pro- 
gression of the flood. Therefore, the pattern efficiency 
employed in the calculations must be different at break- 
through than at the end of the flood. Eq. 24, which per- 
mits the calculation of the pattern efficiency at any time 
subsequent to breakthrough, is also based on the work 
of Craig, et al. 


= + 0.643 (Io Wie ) 
i(BT') 

Because pattern efficiency is such an important factor 
in calculating oil recoveries for pattern floods, it may be 
desirable to modify the results of the calculations in the 
light of flooding experience in the area under considera- 
tion where such information is available. In reservoirs 
that are highly stratified or heterogeneous, the determi- 
nation of accurate pattern efficiencies is impossible and 
actual field trials such as pilot floods usually are neces- 
sary to determine the desirability of pattern flooding. 

The equations presented do not account for the effect 
of tight lenses which might occur within the pattern area 
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of a water flood. However, because most reservoirs are 
heterogeneous, this factor, which is usually termed the 
conformance factor, may be of great importance. An 
idea of the magnitude of the conformance factor may 
be obtained from core analyses, well logs, or formation 
testing information. Reservoir cross sections prepared 
from individual well data are particularly helpful in 
deciding upon a value for this factor. Once it is deter- 
mined, the oil saturation remaining within the five-spot 
block may be calculated as follows: 


hydrocarbon in the 
uninvaded zone 


total hydrocarbon hydrocarbon in the 
saturation invaded zone 


The equations listed previously will enable the calcu- 
lation of waterflood oil recovery percentage, water injec- 
tion, and water production volumes corresponding to 
breakthrough or subsequent times during the flooding 
process. With these factors known, the economic analy- 
sis may be completed which should lead to conclusions 
as to the desirability of the waterflooding operation. 
Because the foregoing method of calculating natural or 
artificial water drive and pattern flood performance in- 
cludes no graphical solutions, these equations may be 
more readily adapted to solution by a digital computer. 


CONCLUSIONS 


The relationships regarding the displacement of oil by 
water determined by various research groups with appro- 
priate accessory equations can be formed into a method 
of solving practical field problems concerning natural or 
artificial water drives and secondary recovery water 
flooding. 

Because this method includes no graphical solutions, 
these equations may be more readily adapted to solution 
by a digital computer. 

For conditions where gravitational forces are impor- 
tant with respect to viscous forces and where the bed- 
ding planes dip, the oil recovery will be greater for 
larger angles of dip, higher reservoir permeability, and 
lower rates of water advance along the bedding planes. 


NOMENCLATURE*#* 


A, = Average cross-sectional area sq ft 
of any segment 
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| | 
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‘ 
= 


| B, = Volume of gas at the average 

reservoir pressure and 

temperature during any 
period per Mcf of gas at 
standard conditions 

B,, = Volume of gas at Original res- 
ervoir pressure and tem- 
perature per Mcf of gas at 
standard conditions 


o — Differential shrinkage factor, 
volume of saturated oil at 
the average reservoir pres- 

| sure and temperature dur- 
| ing any period per unit 
| volume of saturated oil at 
reservoir saturated pres- 
sure and temperature 


« = Volume of original reservoir 
oil and its original dis- 
| solved gas reduced to the 
| average pressure p during 
| any period which yields a 
unit volume of stock-tank 
oil 
B,; = Volume of oil under original 
reservoir conditions which 
yields a unit volume of 
stock-tank oil 
C, = Conformance factor 
C,, = Average connate water sat- 
uration 
_ 0.044 C, k A [Ap sin a] At 
Or 
E, = Pattern efficiency 
f.. = Fraction of water in the flow- 
ing stream in the reservoir 
f'. = Fraction of water in the flow- 
ing stream at some specific 
location in the reservoir 
G,. = Cumulative gas-cap gas pro- 
duced to end of period 
G,, = Cumulative free gas produced 
from uninvaded oil zone 
to end of period 
GB,, = Reservoir pore space orig- 
inally occupied by gas 
h = Average thickness of the 
water aquifer 
k = Absolute permeability of res- 
ervoir rock 


L, = Length of any segment x 
Zz M, = Slope of the In (k,,/k,.) vs 
Curve 
M, = Slope of the In k,, vs S,, 
curve 


N, = Cumulative oil production to 
end of period 

NB,, = Reservoir pore space origi- 
nally occupied by oil 

= Average reservoir pressure at 
end of any period 

p; = Original reservoir pressure 
7 P. = Capillary pressure 


bbl at P and 
T,/Mcf of gas 
at standard 
conditions 


bbl at p, and 
T,/Mcé at 
standard 
conditions 


bbl at p and 
bbl at p; and T, 


bbl at p and T,/ 
bbl at standard 
conditions 


bbl at p; and 
T,/bbl at stand- 
ard conditions 


fraction 
fraction of 
pore space 


fraction 
fraction 


fraction 


Mef at stand- 
ard conditions 
Mcf at stand- 
ard conditions 
bbl 

ft 


darcies 


ft 


bbl STO 
bbl 
psi ga 


psi ga 
psi 


*Symbols not included in nomenclature may be found in “Letter 
Symbols for Petroleum Reservoir Engineering and Electrical Log- 
ging” published in the Oct., 1956 issue of JouRNAL OF PETROLEUM 
TECHNOLOGY, and Petroleum Transactions (1956) 207. 
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rz = Rate of fluid invading any 
segment during period 
Q;, = Total volume of fluid invad- 
ing any segment during 
period 
Q, = An integrating function used 
in the unsteady state 
equation 
r = Average outer radius of the ft 
water aquifer 
r. = Average outer radius of the ft 
reservoir 
S,; = Average initial oil saturation 


cu ft at p/day 


cu ft at p 


fraction of_ 


pore space 

S’,, = Water saturation at a specific fraction of 
location in the reservoir pore space 

S’w(nv) = Water saturation at the point fraction of 
of breakthrough pore space 

S’ocn) = Water saturation at the point fraction of 
where breakthrough oc- pore space 


curred, but subsequent to 
breakthrough 

i = Total elapsed time since ini- days 
tial production 


a = Angle of dip of bedding degrees 
planes 
y = Radial angle of reservoir radians 


periphery that is open to 
water influx 
4) = Viscosity of reservoir oilatp cp 


and T, = 
/w = Viscosity of reservoir water cp 
at p and T, 
Density of reservoir fluid at 1b/cu ft 
p and T, 


[] = The bar over a symbol is used to denote an 
average value during the period 


SUBSCRIPT 


A, B,C,.... = Denote specific segments in the reservoir 
n — 1,n = Denotes segment preceding one currently 
being invaded by water 
x = Denotes segment currently being invaded 
by water 
1, 2,3,.... = Denotes specific time periods 
n — 1,n =n represents the current period 
BT = Breakthrough 
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ABSTRACT 


Volumetric reservoir analysis is 
dependent upon a firm relationship 
between porosity, connate water, and 
net pay. Capillary pressure data on 
core samples interrelate these three 
factors. It is shown that other reser- 
voir problems may be resolved: (1) 
whether water production is indi- 
genous or extraneous to the oil pro- 
ducing interval, (2) an oil-water con- 
tact is being approached, and (3) 
whether the oil-water contact is re- 
motely situated. 


EON 


Volumetric analysis of carbonate 
reservoirs challenges the ingenuity 
of the reservoir engineer due to an 
absence of data on the minimum oil- 
bearing and oil-producing pores of a 
given reservoir rock. Many studies 
with this as the ultimate objective 
are available on the physical char- 
acteristics and fluid-flow behaviors of 
the carbonate reservoir. Some of these 
publications are: Hassler, Brunner 
and Deahl’s’ study of the role of 


Original manuscript received in Society of 
Petroleum Engineers office on June 15, 1956. 
Revised manuscript received June 10, 1957. 
Paper presented at Petroleum Branch Fall 
Meeting in Los Angeles, Oct. 14-17, 1956. 

‘References given at end of paper. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(8 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 
cussion offered after Dec. 31, 1957, should be 
in the form of a new paper. 
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capillarity in oil production; Jan 
Law’s’ and A. C. Bulnes’ statistical 
treatment of core analysis data; 
Chalkley’s method*’ for estimating 
specific surface areas and porosity; 
Walter Rose’s® report on porosity, re- 
serves, and recovery; Archie’s”* tex- 
tural classification of carbonate rocks; 
Stewart and Spurlock’s’ large core 
analysis; Purcell’s® mercury injection 
method in studying capillary pres- 
sure phenomena; Stewart, Craig, and 
Morse’s" model multiple-phase flow 
test in investigating the relative per- 
meability effect; and Fatt’s’ illumi- 
nating network model of porous me- 
dia. 

The present study shows that the 
static reservoir parameters of poro- 
sity, connate water, and net produc- 
tive thickness may be interrelated by 
utilizing a statistical arrangement of 
mercury capillary pressure data in 
addition to routine core analysis. 
This report summarizes the techni- 
ques that are followed to obtain 
these relations which are applicable 
to carbonate and sandstone reser- 
voirs that do not contain clays. Capil- 
lary pressure statistical studies may 
be extended to include clay-bearing 
rocks by utilizing water capillary 
pressure data. : 


Ley: 


It is necessary that the laboratory 
determine the porosity value that in- 
cludes the pores that are filled with 


hydrocarbons and water in the reser- 
voir. This is the reservoir’s total 
porosity. When true total porosity 
values are not available, correlations 
between porosity and capillary pres- 
sure characteristics lose their signifi- 
cance since they cannot be related 
through oil-base mud core data to 
the porosity and connate water values 
found in reservoirs. 


Methods used to obtain reliable 
porosity data will not be discussed; 
however, care should be exercised 
in selecting samples for measure- 
ment. In homogeneously porous for- 
mations, small core plugs sampled 
frequently will furnish adequate in- 
formation. Where heterogeneity, par- 
ticularly vugginess, is present, large- 
core porosity data may be required; 
in such reservoirs a suite of capillary 
pressure samples may be selected 
from small plugs. 


CAPILLARY PRESSURE 


Capillary pressure data provide a 
method for relating two carbonate 
reservoir parameters, porosity and 
connate water saturation, which in 
turn permit delineation of productive 
rock types necessary for selecting the 
third parameter, productive thick- 
ness. Specific applications of capillary 
pressure data to petroleum reservoirs 
were suggested by Archie* and Pur- 
cell.” Their work demonstrated that 
in preferentially water-wet rock, pore 
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Structure and fluid distribution are 
related because of capillarity, and 
that mercury injection curves are 
valuable data for defining the rela- 
tive number of pores, their inter- 
connection, size, and size distribu- 
tion. 

As a result, mercury capillary pres- 
sure curves are used to provide a 
direct estimate of the oil-occupied 
pore spaces in a reservoir. Water- 
occupied pore spaces are determined 
by difference of total and oil-occu- 
pied pore spaces. These water values 
result from the complementary na- 
ture of mercury and water capillary 
pressure data. Consequently, the 
water saturations may be related to 
reservoir capillary conditions through 
the more conveniently determined 
laboratory mercury capillary pres- 
sures. 


MERCURY CAPILLARY PRESSURES 


Fig. 1 illustrated a plot of mer- 
cury volume injected vs injection 
pressure, or capillary pressure for a 
mercury-rock system. Mercury, a non- 
wetting phase, is injected into an 
evacuated (40 microns or less) core 
sample and the injected volumes are 
recorded at various pressures. Ex- 
ternal vug volume is filled at zero 
capillary pressure, and therefore must 
be determined by a separate measure- 
ment as discussed subsequently. Note 
that at some extremely high capillary 
pressure the mercury volume _in- 
jected would equal the pore volume 
of the sample. Throughout the pres- 
sure range, the trace of the curve 
represents the volume of non-wetting 
fluid that fills the larger pore spaces 
at any capillary pressure. Thus it 
represents the effect that the pore 
geometry has upon hydrocarbon sat- 
uration. At any pressure, the por- 
tion of the pore space that is not 
occupied by mercury is occupied by 
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the wetting phase. In reservoirs the 
wetting phase is usually connate 
water, thus a plot of estimated con- 
nate water saturation vs capillary 
pressure can be obtained from the 
mercury injection curve. Such a plot 
is illustrated in Fig. 2. 

With homogeneous rock it is rela- 
tively simple to represent reservoir 
capillary conditions with a few capil- 
lary pressure curves. When the rock 
is heterogeneous, as typified by car- 
bonate reservoirs, the problem re- 
quires special techniques. Neverthe- 
less, mercury injection curves are 
especially useful in evaluating car- 
bonate reservoirs. Although their pore 
geometries vary greatly, both vertic- 
ally and laterally, definite character- 
istic trends may be observed for a 
given set of conditions. Consequent- 
ly, a suite of cores may be sampled 
So that data on small pieces of rock 
represent the capillary characteristics 
of the cored interval on a statistical 
basis. This does not mean that the 
capillary pressure curves obtained 
from a sample are representative of 


the capillary conditions for the foot— 


of core from which the sample is 
selected. To accomplish this, it would 
be necessary to analyze large cores 
or to select five or six samples from 
each foot. What is important is the 
fact that the capillary pressure curve 
does represent the capillary proper- 
ties for rock of a particular porosity 
and type. 

Since the major objective is to 
determine a statistical relationship 
between capillarity and porosity, the 
manner in which capillary pressure 


plugs are selected will determine how 
well a resulting correlation will rep- 
resent a cored interval of interest. 
Sampling of a suite of cores should 
be performed so that each suite 
of core plugs Tepresents:(1) only 
one rock type of the cored interval, 
(2) the complete porosity range en- 
countered in the interval; (3) the 
incidence of permeability existing 
within a chosen porosity increment; 
and (4) the porosity region where 
pore sizes change from a predom- 
inance of the larger pores in the 
higher porosities to mainly smaller 
pores in the lower porosities, this 
region lying between the asymptotic 
portions of the estimated connate 
water vs porosity curves shown 
herein. 

The sampling procedure and tech- 
niques for deriving the above men- 
tioned statistical relations can best 
be illustrated by an example. Twenty- 
eight capillary pressure curves were 
Tun on the carbonate interval 10,323 
to LOS Shell-University 
9-B-1. The capillary pressure data 
are given in Table 1, and the average 
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TABLE 1—CAPILLARY PRESSURE DATA, DEVONIAN FORMATION, SHELL-UNIVERSITY 9-B-1, BLOCK 9 
: FIELD, ANDREWS COUNTY, TEX. 


Depth Porosity Perm. Per Cent Pore Space Unoccupied by Hg at 
fi Lithology Per Cent Md 5 atm 11 atm 21 atm 62 atm 
10360-61 HT LA 2.3 0.04 98 98 97 89 
10362-63 HI LA 2.4 0.21 92 85 78 68 
10348-49 HI LA 2.8 0.05 98 95 62 44 
10350-51 Il MA 29. 0.04 97 94 82 37 
AVERAGES 2.6 0.09 96 93 80 60 
10353-54 Hl MA ao 0.08 97 92 87 43 
10336-37 Hl MA 3.3 0.14 97 87 67 53 
10338-39 Hl] MA aco) 0.08 94 69 49 40 
10355-56 II1-1-MB 3.6 0.10 96 91 64 42 
10333-34 Il] MA 3.7 0.35 81 43 32 27. 
10344-45 WI LA 320) 0.15 90 63 51 45 
10337-38 111 MA 3.9 0.09 98 62 43 38 
10343-44 HELA 39 0.15 64 51 49 42 
AVERAGES 3.6 0.14 90 70 55 41 
10331-32 11l MB 4.6 1.07 43 24 17 15 
10356-57 H11-1-MB 4.0 0.11 98 96 61 35 
10342-43 HI-LA 4.5 0.36 66 48 a3 38 
10341-42 HMA 4.6 0.31 86 56 53 44 
AVERAGES 4.4 0.46 73 56 44 33 
10357-58 H11-1-MB | 0.56 57. 24 17 Ts 
10329-30 111 MB 5.5 1.34 75 58 61 35 
10323-24 11] MB 5.0 133) 43 28 23 23 
10328-29 It MB 5.6 Pah 39 27 24 19 
AVERAGES Bn: 1.39 54 34 28 23 
6 
10324-25 111 MB 6.2 6.09 28 21 Uz 1 
10325-26 111 MB 6.3 2.51 36 26 22: 20 
10327-28 111 MB 6.5 1.88 49 35 $2 28 
10322-23 MB 6.7 3.40 25 20 
10326-27 Hil MB 6.9 4.71 30 23 20 is 
10323-24 111 MB 6.9 8.10 23 16 13 
AVERAGES 6.6 4.45 34 24 2 18 
15 12 
10330-31 MB 7.65 24 WA 
10324-25 II MB Te 6.76 30 23 19 17 
AVERAGES dee 7.21 20 20 17 15 
253 
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capillary pressure curves for each 
porosity group are plotted in Fig. 2. 
Note that only a few pressure points 
are needed to adequately represent 
each curve. An arbitrary selection 
of 5, 11, 21, and 62 atm has been 
used, where the 5-atm curve repre- 
sents large pore effects and the 
62-atm curve the small pore effects. 
Furthermore, the average porosity 
for each group is represented by 
capillary pressure data typical of that 
group. In addition, rock lithology 
according to Archie’s® classification 
is denoted for each sample. In this 
illustration, all samples have the 
same general lithology, but if rock 
type changes occur, separate porosity 
groupings are made for each type 
present. This will be illustrated by 
further examples. 


STATISTICAL PRESENTATIONS 

Fig 2 shows that capillary pres- 
sure, connate water, and porosity are 
interrelated. To provide a basis for 
interpreting reservoir capillary pres- 
sure effects, a statistical relationship 
is obtained between porosity and 
connate water at constant capillary 
pressure for the Devonian Type III 
reservoir in the vicinity of Shell- 
University 9-B-1. This statistical pre- 
sentation of the trend of pore size 
variation with porosity changes 
should be observed for five general 
concepts. The first concept is evi- 
denced by the 62-atm curve. Since 
it shows the very-fine-pore changes, 
it is related to average connate water 
saturation for each porosity of the 
reservoir rock that is situated a great 
distance above the free water table. 
This curve also shows the irreducible 
minimum connate water values at 
lower positions, and may be com- 
pared to actual connate water values 
to determine if water production is 
indigenous to the hydrocarbon pro- 
ducing interval. Applications of this 
statistical method do not always re- 
quire conversion of height to labora- 
tory capillary pressure values since 
it will be shown by subsequent illus- 
trations that log calculated or oil- 
base mud porosity and connate water 
values may be used to reproduce the 
62-atm capillary pressure statistical 
relationships of producing sections 
in many thick carbonate reservoirs. 

A second general concept is based 
on the statistical effects of the large 
pores. The S-atm curve has been 
selected herein to relate connate 
water values and porosities close to 
the water table. Water saturations 
higher than this curve are indicated 
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to generally produce 100 per cent 
water. 

A third general concept is based 
on the relative amounts of large 
capillaries to total capillaries able to 
hold hydrocarbons. This is shown by 
the spread between the 62 and 5-atm. 
curves. The large capillaries repre- 
sented by the 5-atm curve will hold 
hydrocarbons in very weak capillary 
environments, while hydrocarbons 
held by finer capillaries are in in- 
creasingly stronger capillary environ- 
ments as the 62-atm curve pore 
sizes are approached. According to 
Fig. 3, the 7 per cent porosity inter- 
vals contain 83 per cent large pores 
based on the 62-atm hydrocarbon- 
occupied pore spaces. 

A fourth consideration is obtained 
from the data composing each point. 
A given rock type will have over-all 
trends in basic petrophysical data 
when there is a smooth-line relation- 
ship of the 62-atm porosity-small 
pore values, and the individual values 
composing each point show only 
minor variations from the average. 
The associated S-atm data may show 
a trend in average values, but the 
individual data composing each point 
may show either a good agreement 
or a wide-spread variation. A good 
agreement shows good large-pore in- 
terconnection while the latter shows 
poor large-pore interconnection. 

A fifth consideration is the rapid 
increase in connate water at constant 
capillary pressure as porosity de- 
creases. This characteristic of these 
statistical correlations is used to de- 
termine minimum hydrocarbon-bear- 
ing porosities. As shown in Fig. 3, 
this porosity value is about 1.6 per 
cent for the 62-atm curve, and is 
increasingly higher as the free water 
level is approached. This porosity 
value is of sufficient importance to 
be checked by use of residual core 
saturation data. For example, Fig. 
4 shows core water and oil satura- 
tions plotted vs porosity for Shell- 
Desert Creek 26-36. Four plots are 
shown to represent all carbonate 
types present in the reservoir, Each 
plot has the characteristic sharp 
increase in water saturation at 
lower porosities. Of particular signifi- 
cance, however, is the fact that both 


Laterolog calculated water saturation 


and core oil saturation indicate 
equivalent minimum oil-bearing poro- 
sities. In the event core saturations 
are not available, fluorescence and 
cut data may be used in conjunction 
with the estimated connate water vs 
porosity curves to determine mini- 
mum oil-bearing porosity. 


CAPILLARY PRESSURE 
ILLUSTRATIONS 


VARIATIONS RESULTING FROM 
CHANGES IN ROCK TYPE 


A group of illustrations is avail- 
able to show that the statistical ap- 
proach of applying capillary pres- 
sure data yields unique relations be- 
tween porosity and water saturation 
for a given rock type. When rock 
type changes, however, one such re- 
lation will not adequately represent 
the data. From the information that 
has been processed, it appears that 
in a given reservoir, three or more 
relations might be needed: one for 
Types I and III carbonates, one for 
Type II carbonate rock, and one for 
clastic sediments. Grain size of the 
rock matrix of each rock type also 
influences these relationships. For 
the characteristics of each carbonate 
type, refer to Table 2 which presents 
the carbonate classification proposed 
by Archie.* 

An example of the difference be- 
tween capillary pressure characteris- 
tics of Type I-III rock and Type II 
rock is shown in Fig. 5. Note that 
the earthy Type II material has much 
higher water saturation and finer 
pores than the Type I-III material. 
These finer pores are a result of the 
very fine crystals inherent to Type 
II rock. The heterogeneity of the 
Monahans Clear Fork reservoir is of 
an extent that requires zoning in or- 
der to apply these statistical rela- 
tions to core and logging data from 
other wells in the same field. 

An explanation of a single sta- 
tistical relation for both Type I and 
Type III rock is illustrated by Table 
3 (data shown graphically in Fig. 
5). Note that the Type I classifica- 
tion, associated with low porosity, 
changes to Type I-III for interme- 
diate porosity and Type III for high 
porosity. If the capillary pressure 
data for a reservoir containing both 
Type I and Type III rock yield simi- 
lar smooth-line relationships between 
porosity and connate water satura- 
tion, then it can be assumed that 
porosity change is accompanied by a 
change in rock type. In other words, 
the change in lithology is one of the 
direct physical factors that cause 
changes in pore volume and pore 
size distribution. 

Other cases have been noted where 
Type I rock grades into Type III 
rock, or into Type II rock, in a man- 
ner that permits a unique correlation 
between porosity and water satura- 
tion. However, correlations that en- 
compass a gradation from Type I to 
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both Types II and III rock exist 
only if very fine crystals are present 
in all types. With all data processed 
to date, the smoothest correlations 
occur when a uniform crystal size is 
present throughout the entire porosity 
Tange, as noted by the data of Table 
3 and most of the figures presented 
in this paper. When uniform crys- 
tal size does not exist, unique corre- 


Shell-University 9-B-1, Block 9 field, 


Appearance or Luster 


lations are generally not possible. An 


example is a case where Type I or— 


Type III rock has medium-fine crys- 
tals, whereas any Type II present 
would have very fine crystals. Such 
a reservoir would require zoning for 
an effective reservoir analysis. 


PorRE EFFECTS 


The effects of pore size on capil- 
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Fic. 4—Minimum O1-Bearinc Porosity. 
Paradox formation, Shell-Desert Creek 26-36, Desert Creek area, Utah. 


lary pressure data are illustrated by 
Figs. 3 and 6. Both cored intervals 
show Type III rock, with pore sizes 
ranging from Type A matrix pores, 
not visible at 10 power magnifica- 
tion, through the various secondary- 
_ type pores B, C, and D, as explained 
by Table 2. The significant difference 
between the two wells is indicated by 
the relative shapes and separation of 


TABLE 2—CLASSIFICATION OF CARBONATE ROCKS 


Approximate Porosity (Per Cent) 


Visible Porosity 
(Per Cent of Surface) Total Porosity 


(Sum of Matrix and 


Class Appearance Crystal or T Size of Pore-mm 
(Texture of of Hand Under Microscope (About 10X) Grain Size ene 0.1 mm 0.1-2.0 mm 2.0 mm Visible) 
Matrix) Sample General Range (mm) 10X) Type B Type C Type D A-B A-C 
| Crystalline, hard, Matrix made up of crystals Resinous = 0:4 2 e.g. 10 e.g. 15 Lies 12 17 
Compact dense, sharp edges tightly interlocking, allowing 
and smooth faces no visible pore space be- M 0.2 
on breaking. tween the crystals, often to 
Resinous producing ‘‘feather-edge"’ F 0.1 
appearance on breaking due Vitreous** 
to fracturing of clusters of VF 0.05 5 eg. 10 e.g. 15 15 20 
crystals in thin flakes, prob- 
ably along cleavage planes 
I Dull, earthy or Crystals, less effectively in- 
Chalky chalky appearing, terlocking than above, join- 
hard to soft, crystal-ing at different angles. Ex- 
line appearance ab-tremely fine texture may still 
sent because the appear ‘‘chalky’’ under this 
small crystals are power, but others may start 
less tightly inter- appearing crystalline. Grain Chalky** VF 0.05 15 e.g. 10 e.g. 15 25 30 
locked, thus re- size for this type is less 
flecting light in than about 0.05 mm. Coarser 
different directions, textures classed as Type Ill 
or made up of ex- 
tremely fine granules 
or sea organisms. 
May be siliceous or 
argillaceous 
nn Sandy or sugary Crystals less effectively in- Finely F 0.1 10 e.g. 10 e.g. 15 20 25 
Sucrosic appearing terlocked, fracture generally Sucrose 
(Sucrose) along individual erystal faces 0.2 
giving a rough or sandy ap- 
pearance. Generally more 
space between crystals. Ool- L 0.4 5 e.g. 10 e.g. 15 15 20 
ite, pisolite and other granu- 
lar textures also fall in this Coarsely 
class Sucrose 
*L— tse); M—Medium; F—Fine; VF—Very Fine 
ve aoe tie cuttings are between vitreous ae chalky in appearance, designate as I-I] or II-I. Samples are considered in the VF group when the grain 


or crystal size is difficult to distinguish (12X-18X). 
*** When pores are greater than about 2.0 mm and t 
porosity is indicated by the per cent of cuttings in 


SYMBOLS: 


II! F-Bio: Finely sucrose (therefore, matrix porosity about 10 per cent), visible porosity about 10 
(11-1) VF-A: Chalky to vitreous, very fine texture (therefore, matrix porosity about 8 per cent), 
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Put in F group when grains are easily distinguished 
herefore the pores occur at the eage of the cuttings (for example 
an interval showing evidence of turge pores 


per cent, total porosity about 20 per cent 
no visible porosity, total porosity about 8 per cent 


, sub-cavernous pores). Amount of such 
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the 5- and 62-atm curves. The data 
for Shell-University 9-B-1 (Fig. 3) 
show an increasingly larger spread 
between the S- and 62-atm curves 
as porosity decreases. This is to be 
expected since the intermediate size 
pores (type B) that are present in 
the higher porosities are absent in 
the lower porosity range. Further, 
the wide separation indicates that a 
relatively large transition zone should 
exist between the producing water 
level and the free water level, de- 
pending on transition zone porosities. 
This is verified somewhat by residual 
oil in cores to depths 280 ft below 
the producing water level of this res- 
ervoir. 

In contrast to this, Shell-Ratliff 
Bedford No. 15 (Fig. 6), an EI- 
lenburger producer, shows two sig- 
nificant petrophysical characteris- 
tics: (1) a small separation of the 
5- and 62-atm curves, and (2) a 
close similarity in shapes of these 
curves. The latter reveals that there 
is a uniform pore size distribution 
throughout most of the porosity 
range. Also the small spread shows 
that low capillary forces are in- 
volved in the pores that are holding 
most of the oil in place since pro- 
duction data on wells discussed sub- 
sequently will show that water will 
be produced whenever the connate 
water value of a given zone falls be- 
tween the 21- and 5-atm correlation 
lines. These two petrophysical facts 
show that there should be a very 
sharp “oil-water’” contact with a very 
thin transition zone. Of greater im- 
portance, the low capillary forces of 
the hydrocarbon-bearing pores should 
permit a water sweep for a known 
water drive to be nearly 100 per 
cent efficient. As this sweep is mainly 
through pores with only 5 atm and 
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TABLE 3—-ROCK TYPE AS RELATED TO POROSITY, CLEARFORK FORMATION, MONAHANS FIELD, WARD 
AND WINKLER COUNTIES, TEX. 


Fine Grained 
Crystalline and Sucrosic Rock 


Porosity Per Cent Rock Type 
1.5 IFA 
2.4 IFA 
3.4 1 F AB 
4.4 (1, 1-111) FAB 
5.4 (1-111) F AB 
6.6 1-111 F BC 
7.6 FBC 
8.4 (1-11, F BC 
(1-111, F BC 
10.3 1-111 FM BC 
ce) (1-111, 11-1) F BC 
12.4 (111-1, 1-111) F BC 
13.5 1-111) F BC 
14.3 F, 1-101 &, M) BC 
11) F BC 
16.7 F, 1-111 F, M) BC 
17.4 (111M, F) BC 
20.3 FBC 


Very Fine Grained 
Earthy Rock 


Porosity Per Cent Rock Type 
4.6 | V FA 
I-11 VFA 
6.4 (1-11, 1) VF AB 
7.4 (I-11, 1) VF BC 
8.3 (1-11, 1-111) VF BC 
VF AC 
10.3 (1-11, 11) VF BC 
11.3 - BC 
12.4 (I- il, 11-111) VF BC 
13:5 Vi 
14.4 (1-111, VFB 
15.3 (1-11, FC 
16.7 11-11} VF BCD 
17.0 VFA 
18.5 VFB 
19.5 11-111 VF BC 


lower capillary pressures, it should 
be possible to calculate the oil in 
place for this type reservoir that 
would be affected by such a water 
drive from porosity data and the 5- 
atm curve which is used to estimate 
connate water values. The ultimate 
recovery from a given rise in the 
water table then could be calculated 
to determine the amount of by-pass- 
ing that has occurred, and the de- 
velopment pattern and/or producing 
method could be evaluated. 


DOLOMITIZATION EFFECTS 


Experience to date indicates that 
dolomitization of a limestone does 
not have any unique relation to capil- 
lary pressure correlations. An ex- 
ample of the presence of both lime- 
stone and dolomite in a cored inter- 
val is shown in Fig. 7 for a 68-ft 
section in Shell-Hilburn No. 3. Note 
that the capillary pressure correla- 
tions are represented by a smooth 
curve. 
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should have no effect on the capil- 
lary pressure correlations unless 
thickness is related to rock type 
change. Such a relation has not been 
observed. As an example, the capil- 
lary pressure data of a 391-ft core 
from Shell-State GA-2 yielded a 
smooth relation between estimated 
connate water and porosity (Fig. 8). 


CLOSURE OF MERCURY AROUND 
THE TEST SAMPLE 


When obtaining capillary pressure 
data, one phase of the laboratory 
procedure is quite critical. Particu- 
lar care must be exercised to deter- 
mine the point of complete closure 
of mercury around the sample. If 
complete closure is not obtained, the 
effective bulk volume of the sample 
in the cell will be greater than the 
true bulk volume. As a result, the 
measured volumes of injected mer- 
cury will be falsely high. The effects 
of this will be particularly noticeable 
in low porosity rock as evidenced 
in Fig. 9. Note that the correlation 
points for Shell-Foster No. 5 form 
a smooth curve, whereas for the 
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other wells, the lower porosity points 
depart from a smooth curve. This 
is explained by the fact that the sam- 
ples from Foster No. 5 were core 
plugs such that mercury closure was 
easily obtained, and the samples for 
the other wells were small, reverse- 
circulation diamond cores such that 
closure was more difficult to obtain. 
This error would be amplified 
throughout the entire porosity range 
in data from drill cuttings. 


Other than the case just cited, 
mercury closure effects may appear 
in a suite of vuggy samples. The ex- 
ternal vug volume shown in one 
is determined by comparing the bulk 
volume measurement of a sample 
with empty vugs to the bulk volume 
of the sample with wax-filled vugs. 
The capillary pressure curve is ob- 
tained by injecting mercury into the 
rock matrix of the dewaxed plug 
and adding the vug and injected mer- 
cury volumes of each pressure step. 


CONNATE WATER 


From the foregoing considerations, 
which are based on actual reservoir 
sample data, it has been shown that 
mercury capillary pressure correla- 
tions may be used to represent the 
trend of variations of connate water 
saturation with porosity. One method 
of application to a specific reservoir 
requires that mercury capillary pres- 
sure be related to heights above a 
free water level. This is estimated 
by converting a mercury-rock capil- 
lary system to an_ oil-water-rock 
capillary system, and by equating 
capillary forces and gravity forces in 
the latter system. An example is 
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TABLE 4—-WATER CAPILLARY RISE ABOVE A FREE WATER TABLE 


Height 

Above Mercury Theoretical 

Free Capillary Pore 

Perm. Water Pressure Radius 

(md) (Ft) (atm) (cm) 
0.1 150 10 
100 10-4 
10. 50 3 2x 10-4 
100. 20 1 6 x 10-4 
1000. 10 0.6 10-8 


Water-Oil density difference is 0.23; 


Oil-Water = 35 


presented in Table 4 to illustrate re- 
lationship of matrix permeability and 
height above a water table for typical 
carbonate reservoir properties, inter- 
facial tension variations being omit- 
ted”. There is a given set of condi- 
tions for each rock sample that in- 
fluences the height to which water 
will rise above the free water level, 
and more than one rock type may 
exist in a given reservoir. From these 
facts stems the carbonate reservoir 
problem. 

Reference to Table 4 indicates 
that the 62-atm estimated connate 
water-porosity curve is representative 
of capillary conditions at great 
heights above the free water level. 
Field data also present some evi- 


dence that this curve may be valid — 


in depletion reservoirs where inter- 
connection is poor between the res- 
ervoir and an aquifer. However, with 
other depletion reservoirs and all 
water-drive reservoirs, when the pro- 
ductive members approach the vi- 
cinity of the free water level, con- 
nate water saturations increase be- 
cause of capillarity. Thus, an esti- 
mated connate water-porosity curve 
representing a lower capillary pres- 
sure must be used. 

Again referring to Table 4, it 
shows that pores having 10 and 
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Fic. 9—Mercury Ciosure Errecr on 
CAPILLARY PRESSURE CORRELATIONS. 
Clearfork formation, North Russell field, Gaines 

County, Tex. 


Calculated 
Lithology 
Factor 
( Length Core ) “Porosity Resistivity 

Length Pores (Per Cent) Factor 
0.030 6 550 
0.056 9 200 
0.119 13 65 
0.147 17 40 
0.198 22 


interfacial tension times cosine © for Mercury-Air= 340, and for 


1 md for the rock matrix permeabil- 
ity may hold 100 per cent water for 
‘50 and 100 ft respectively above a 
free water level compared to only a 
few feet for vuggy-type pores. At 
these heights above the free water 
level of an oil-bearing vuggy reser- 
voir, vugs that are connected through 
such a matrix might produce water- 
free oil initially, but a subsequent 
pressure draw-down would cause 
water to be produced from the rock 
matrix in amounts that would depend 
mainly upon the degree of vug in- 
terconnection, and only slightly on 
relative permeability relationships. 


CAPILLARY PRESSURE COMPARISONS 
Conversion to feet above the free 


water level of a given reservoir is 


usually impossible. Consequently this 
Statistical approach offers a conven- 
ient correlation technique of reser- 
voir and laboratory data. Several ex- 
amples are available to provide a 
comparison of estimated water satu- 
ration from capillary pressure curves 


- with water saturations indicated by 


oil-base mud core data or log calcu- 
lations. 

Fig. 3 depicts a clean oil-produc- 
tive section located a considerable 
distance above the water level. Note 
that good comparison is obtained be- 
tween water saturation at 62-atm 
capillary pressure and water satura- 
tion calculated from the Laterolog. 
An equally good comparison is 
shown in Fig. 7 for similar condi- 
tions. 

Another example of good agree- 
ment between capillary pressure data 
and oil-base mud core saturations is 
shown in Fig. 10. The departure of 
this good agreement at lower porosi- 
ties may have been caused by evapor- 
ative losses before the core was 
canned. These losses become more 
noticeable for lower pore volumes. 
Note that the in situ water satura- 
tions for both the sucrosic and earthy 
rocks are represented by the 62-atm 
correlation curves. This indicates 
that the productive zones are far re- 
moved from the free water level, or 
that they are a depletion-type reser- 
voir. Since Sealy Smith No. 61 pro- 
duced 11 per cent water on final 
completion, the 12 per cent per- 
meability-feet of Type II earthy rock 
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that had greater than 50 per cent 
connate water and less than 0.1 md 
is presumed to be the main cause of 
this water production. In many cases 
this type of rock inherently has an 
amount of water saturation that 1s 
accompanied by finite values of rel- 
ative permeability to water. 

Examples also are available of res- 
ervoirs that produce both oil and 
water from intervals relatively close 
to the water level. These examples 
are illustrated by Figs. 11 and 12. 
For each figure, note that the in situ 
connate water saturations, deter- 
mined either from oil drilled core 
or log data, are represented by capil- 
lary pressures somewhat lower than 
62 atm. This fact alone does not in- 
dicate that water should be pro- 
duced; however, it is a clue that 
water saturations are higher than ir- 
reducible values. Whether or not 
water will be produced depends upon 
the relative permeability of the rock 
to water at the water saturation in 
question. Any increase in relative 
permeability to water caused by an 
increase in water saturation is a func- 
tion of the pore size distribution and 
pore network of the rock. 


As an example, consider two sam- 
ples with capillary pressure charac- 
teristics represented by Curves A 
and B in Fig. 13. A small increase 
in water saturation above the irre- 
ducible value for Curve A will be 
associated with a large decrease in 
the forces holding water in place. As 
a result, the relative permeability 
to water may materially increase. 
Conversely, with the sample repre- 
sented by Curve B, an equal increase 
in water saturation would cause only 
a slightly lower capillary pressure, 
resulting in a small increase in rel- 
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ative permeability to water. Since 
Curve A frequently represents the 
capillary relationships in carbonate 
reservoirs, connate water saturations 
higher than the irreducible values 
frequently are the cause of “unex- 
plained” water production. Although 
the cited example represents extreme 
opposites in pore size distribution, 
it serves to illustrate the difficulty 
of predicting whether a reservoir 
will produce water unless in situ 
water saturation can be compared 
with capillary pressure data. 


PRODUCTIVE THICKNESS 


Before volumetric reservoir anal- 
ysis is possible, the productive thick- 
ness, or net pay, of the gross inter- 
val under consideration must be de- 
termined from laboratory or logging 
data. This item may be apparent in 
sand-shale reservoirs; however, lime- 
stone reservoirs embrace a wide range 
of rock porosities, most of which 
may have some hydrocarbon satura- 
tion. 

In many instances, permeability is 
the criterion used to delineate pro- 
ductive intervals. Usually the selected 
intervals have air permeabilities 
greater than 0.1 md. Other limiting 
values are used, however, depending 
upon reservoir conditions. This pre- 
sents one of the disadvantages in 
using permeability, since no good 
method is available to predict cut- 
off permeabilities for specific reser- 
voir geometries. Furthermore, per- 
meability is a parameter that cannot 
be measured in a wellbore, and it 
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has been established that the per- 
meability measured in the laboratory 
is a function of the technique ap- 
plied and the sample orientation. An- 
other drawback is the lack of any 
criteria for determining permeability 
values applicable to changing capil- 
lary conditions, especially as related 
to the height above the free water 
table. 

From the many studies that have 
been made on carbonate reservoirs, it 
appears that the most accurate and 
consistent method for selecting pro- 
ductive intervals is based upon con- 
nate water saturation-porosity rela- 
tions. This method first involves de- 
termination of that relation from oil- 
base mud core data, capillary pres- 
sure data, log calculations, _ or com- 
binations of these. Next, a ' porosity 
profile for the interval in question 
is obtained by employing core data 
or neutron logs. Connate water satu- 
rations for each foot also may! be de- 
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rived from core data, or for ap- 
propriate intervals of the porosity 
profile of logging data. 


The collection of data outlined 
above will enable selection of a cut- 
off porosity. This cut-off porosity 
is selected in the region of the cor- 
relation curve that is associated with 
a drastic change in pore size distribu- 
tion. As a result, there is a negligi- 
ble volume of hydrocarbons present 
in porosities lower than the cut-off 
value due to high connate water 
saturation, low pore volume, and 
lower recovery efficiency for the 
porosities involved. As an example, 
tefer to any of the estimated con- 
nate water-porosity correlations in- 
cluded in this report. As mentioned 
Previously, water saturations increase 
sharply as the lower porosities de- 
crease. The porosity at which each 
curve reflects a sharp increase in 
water saturation is taken as the cut- 
off porosity for its associated capil- 
lary pressure. The curve from which 
it is chosen depends upon the capil- 
lary conditions in the reservoir. The 
value chosen then may be combined 
with either the core or log porosity 
profile in order to delineate net pro- 
ductive thickness by selecting only 
those porosities that are larger than 
the cut-off value. 

Core porosities lower than this cut- 
off value may be assigned fracture 
or vuggy void space by comparing 
large-core porosity data with non- 
vuggy small-core porosities for each 
foot involved. Although this void 
space should not contain connate 
water if a few feet above the free 
water level, its volume usually will 
be negligible compared to the oil held 
by the porosities greater than the 
cut-off value. 


An example of varying cut-off 
porosity, depending upon capillarity, 
is shown in Fig. 14. Where its value 
would be about 5 to 6 per cent at a 
large distance above the water level 
(62-atm curve), it would increase 
to 10 to 12 per cent near the water 
level (S-atm curve). 

In summary, the ideal method for 
selecting net pay is to base it on the 
actual forces holding connate water 
in place; in lieu, capillary pressure 
data by mercury injection are recom- 
mended for determining this parame- 
ter. These capillary data are shown 
to be related to rock type and po- 
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rosity. Basing a net Pay estimate on 
the latter reservoir property has many 
distinct advantages over methods 
based only on permeability. The 
porosity method is more consistent 
in that it is based upon definite re- 
lations for each reservoir, and these 
relations usually may be established. 
Conversely, the effects of reservoir 
geometry, capillarity, and rock type 
on the limiting permeability are diffi- 
cult to predict. Further, porosity can 
be measured in the wellbore by pres- 
ent methods of porosity logging, par- 
ticularly by the neutron method, 
while rock type may be obtained 
from cuttings data, As a result, cor- 
ing operations are necessary only on 
Scattered key wells. 


CONCLUSION 


It may be concluded from the 
presented data that oil in place may 
be delineated through a method 
which is based on capillary pressure 
as the rock property that correlates 
Porosity to pore size distribution. 
This is a practical method since the 
oil in place value of a reservoir may 
be estimated from scattered, cored 
wells which are used to establish 
these relationships. Capillary effect- 
then are combined with cuttings data 
for rock type, and neutron log data 
for porosity in situ. Furthermore, 
capillary pressure data may be used 
to estimate the connate water of 
many carbonate reservoirs based on 
core, rock type, logging, and oil- 
water contact data. Also, capillary 
pressure data may be used to deter- 
mine if water production is indige- 
nous or extraneous to the producing 
interval, or if the oil-water contact 
is being approached. 
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A Method of Formation Testing on Logging Cable 
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A formation tester run on logging cable is now-avail- 
able to the oil industry. It offers a method of safely and 
rapidly testing possible producing formations in uncased 
holes. These tests can be made up the hole after run- 
ning the electric log. Reservoir pressure data is con- 
tinuously recorded at the surface as the fluid sample 
is extracted. The tester may be assembled with a reser- 
voir of I-, 2.75-, or 5.5-gal capacity. 

A retaining pad on the body of the tool is expanded 
against the wall of the hole at the exact depth desired; 
this depth is determined by electrical log control. Two 
bullets are then fired through the center of the retaining 
pad which create a connection between the formation 
and a flow line to the sample chamber. When the 
chamber is filled, a valve is closed and the fluid sample 
sealed at maximum pressure. The tool is retracted to 
minimum diameter and brought out of the hole. Elec- 
trical circuits permit a complete recording at the surface 
of the mechanical onerations of the tool as well as the 
formation pressure build-up and the hydrostatic mud 
pressure. 

The tool was introduced commercially during the 
latter part of 1955 in the Gulf Coasts of Louisiana and 
Texas. Over 1,000 onverations have been made to date 
(Sept. 1, 1956); 50 per cent of which resulted in suc- 
cessful tests. Failures have been due mostly to ineffec- 
tive sealing in unconsolidated sands. 

One major company had 41 successful tests out of 80 
attempts with 23 ineffective pad seals. Results for this 
company were very gratifying as to pinpointing gas-oil 
ratios, indicating productive permeabilities and aiding in 
determination of fluid content where electrical log and 
side-wall coring information were inconclusive. 

Eight typical pressure curves are discussed (including 
misruns). 

Six types of fluid recoveries are interpreted. 

Eight actual field examples of electric logs, showing 
the problems solved by the formation tester, are illus- 
trated. 


The present applications of the tool are discussed: 


Original manuscript received in Society of Petroleum Engineers 
office on Sept. 25, 1956. Revised manuscript received March 22, 
1957. Paper presented at Petroleum Branch Fall Meeting in Los 
Angeles, Oct. 14-17, 1956. 
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1. Determination of productive fluid—particularly 
differentiating between gas and oil. 
2. Determination of reservoir pressure as an aid to: 
(a) safety in completion technique, (b) reduction 
in drilling costs, and (c) reservoir analysis. 
Determination of minimum gas-oil ratios. 
Location of gas-oil or oil-water contacts. 
Recovery of samples for examination and analy- 
sis: oil (gravity); gas (hydrocarbon content); water 
(salinity). 

Additional applications envisioned for the future are 
also given: (1) subsurface exploration based on accurate 
pressure, (2) recovery of fluid samples from the undis- 
turbed reservoir for PVT work, and (3) possible quan- 
titative study of permeabilities or productivity index. 


Running the formation tester requires no special pre- 
cautionary measures. Because full hydrostatic mud pres- 
sure is maintained at all times, well depth is no problem. 
Thus, the method allows safe, economical testing in 
wells which heretofore could only be tested by setting 
casing. 


ENT ROD.UCTLION 


A new method of safely and rapidly testing possible 
producing formations in uncased holes is achieving con- 
siderable success. The method offers promise of further 
advances in reservoir study. Called the formation tester, 
the new instrument is unique in that it operates on log- 
ging cable. It thus offers all the advantages of wire-line 
operations and becomes an important adjunct to present 
logging and side-wall coring services. The tester is 
operated against the wall of the hole at any depth 
desired. Zones to be tested are usually determined by 
a study of the electrical and the micro-caliper surveys. 
Reservoir data, as well as the operating cycle of the 
tool in the hole, are continuously recorded at the sur- 
face during the operation. The tester, as it was original- 
ly designed, was capable of recovering a 1-gal sample 
of reservoir fluid per trip in the hole. Tools with reser- 
voirs of 2.75- and 5.5-gal capacity are now available. 
The 5.5-gal reservoir is equipped with a segregating 
system, set before going in the hole, so that the last 
portion of the recovery (usually 1 gal) is automatically 
separated from the first portion. This makes it possible 
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to recover clean fluid in the final portion rather than 
a mixture of filtrate and formation fluid. 

It should be noted that open hole conventional 
drill-stem testing has not been practical in the deep 
Miocene wells of Louisiana, where the danger of stick- 
ing the packers and drill Pipes is serious. This leads 
to considerable perforating and casing drill-stem testing. 
These operations are very expensive and can easily be 
reduced with the introduction of the formation tester 
operated on a logging cable. 

While electric and auxiliary logs give considerable in- 
formation, Many companies and regulatory bodies do 
not credit physically untested reservoirs to their re- 
serves. A particularly difficult problem consists in the 
differentiation between oil and gas reservoirs, 


These considerations would point to the interest of a 


testing tool more flexible than the present drill-stem 
test, which could be run in conjunction with electrical 


logging. 


The purpose of the present paper is to describe this 
new instrument, the formation tester, to explain how 
its data can be interpreted in terms of formation char- 
acteristics and to discuss the assistance it can provide 
in reservoir evaluation. 


DESCRIPTION OF EQUIPMENT AND 
OPERATING PROCEDURE 


The tester is attached to the logging cable and ad- 
justed to its collapsed position. When assembled it 
appears as in Fig. 1. It is lowered rapidly into the hole 
until opposite the formation to be tested, By observing 


_the-trace of the SP curve on the recorder screen, the 


tool is positioned accurately at the depth desired as 
indicated on the electrical log. The tool is then ex- 
panded, forcing a retaining pad against the wall of the 
hole to form a seal between the mud column and the 
formation. Two perforating bullets are fired from 
chambers within the pad through its face and into the 
formation. This establishes flow channels from the 


Fic. 1—Formation Tester. 
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formation through the perforations and connecting 
tubes to a sample chamber in the lower section of the 
tool. The enlarged view in Fig. 1 shows the seal mech- 
anism in detail. Here the seal shoe, back-up shoe, 
actuators, and flow line leading from pad to sample 
chamber are clearly seen. The sample of formation 
fluid can thus be produced in a manner quite similar 
to producing through perforated casing. 


1 Gal. 23/4 Gal. 52 Gal. 
Length! "2. epee 16 ft. 29 ft. 29 ft. 
Tool Diameter-Seal Unit 4 in. 4 in. 4 in 
i 4 in. 5 in 
6 in. 6 in 

77/g in. in 
12 in. 12 in 


Fig. 2 is a schematic drawing of the tool. At the 
top is represented the pad expanding and contracting 
mechanism with its coupling to the cable for surface 
control, as well as the recording of operational and 


When the surface controls indicate that the sample 
container is filled, the seal valve is actuated, sealing the 
sample at the maximum attained pressure. The closing 
of the seal valve is coupled automatically to the col- 
lapsing mechanism of the tool; however, even though 
the tool contracts, the seal pad usually remains stuck 
to the formation, holding the entire tool fast in place. 
This is caused by the differential between the pressure 
of the mud column and the formation pressure. In the 
pad-gun block, along with the perforation charges for 
establishing flow channels, are also two chambers termed 
“get-away guns.” When the pad continues to stick to 
the wall, after collapsing the tool, these get-away shots 
are fired—admitting the mud pressure to the outside 
face of the pad. The pressure equalization, together 
with the shock of the shots, breaks the pad away from 
the wall. With the sample sealed in the chamber and 
the tool free in the hole, the sample pressure gauge is 
now open through the sample line and perforated pad 
to the hydrostatic mud pressure which is recorded at 
the surface. 

The tester is then pulled out of the hole for measur- 
ing and analyzing the sample. 

The surface recording may best be explained by 
examining the record of an actual test; one made at a 
depth of 11,000 ft in a South Louisiana well (Fig. 3). 


Curve No. 1 indicates the opening and closing of the 
pads (mechanical action applied to the pad). Curve No. 


/TOOL OPER. 
INDICATOR 


/ SURFACE RECORDING 


RETURN SPRINGS 
SEAL PAD 


SEAL 
SECTION 
“PERFORATING 

GUNS 
SURFACE RECORDING 


SAMPLE CHAMBER SAMPLE GAUGE 


(CONTROLLED FLOW) 


| 
| 
| 
| 
ir data. € control mechanism in the tool is 
. essentially a relay which enables the performing of 
more than one phase of the operating cycle on a single 
cable conductor. The pad-expanding mechanism is an 
electro-mechanical-hydraulic system. Next below is de- 
picted the seal section with its seal pad, back-up shoe, 
| actuators, and return springs. 
| 
33 
Fic. 2—Scuematic Diacram or FormMATION TESTER. 
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Fic. 3—Loc or A Formation Test at 11,000 rr. 


From Lert to Ricur REPRESENTED 
Curves 1, 2, AND 3. 


RESULT OF TEST 
Formation shut-in pressure: 5,000 psi 
Hydrostatic pressure of mud: 7,200 psi 
Recovered gas 3.9 cu ft; oil 1,500 cc; sand 50 cc; mud 
filtrate 2,000 cc 
Gas/Oil ratio of sample: 414/1 
Production Test: perforated 6 ft of formation 
Recovered: 244 B/D, Gr. 34.6 
GOR: 848/1 


2 is the electrical indicator for precise timing of pad 
and valve operations. Curve No. 3 is the pressure re- 
cording. The entire test can be followed by reading 
down this example. 

At the top of the example is the SP curve recorded 
as on the electrical log in order to place the tool 
accurately in the formation. When the depth setting has 
been made, the recording film is geared to a timing 
device so that the vertical scale is a measure of elapsed 
time. In the left track, the pad-expanding operation is 
indicated at A; the seal pad being set at B. At C the 
sample bullets are fired. In the right-hand track, the 
sample line pressure before the test is given at D. The 
sharp rise at E, after opening the tool to the formation 


HYDROSTATIC HEAD; 
P—7200 PS! 


262 


pressure, is governed by the controlled flow mechanism 
in the tool. The sampling pressure remains quite con- 
stant until the tester is full (G), when it rises to the 
shut-in formation pressure. At I the seal valve is closed 
and is followed at J by the retraction of the tool. Since 
the sample line pressure does not rise to the hydrostatic 
pressure of the mud column, it is obvious the pad is 
still stuck against the wall of the hole. The get-away 
shots are, therefore, fired at K and the increase to 
hydrostatic mud pressure at L verifies that the tool is 
free and can be removed from the hole. 

The results of this actual test, as indicated on the 
log, are as follows: formation shut-in pressure 5,000 
psi; hydrostatic mud pressure, 7,200 psi; oil recovery, 
1,500 cc; gas recovery, 3.9 cu ft; mud filtrate, 2,000 
cc; sand, 50 cc; and gas-oil ratio, 414:1. A subsequent 
production test in the formation, a thin-sand section of 
6 ft, recovered 244 bbl of 34.6 gravity oil with no 
water, and a GOR of 848.1. 

The surface equipment includes a separator and 
laboratory-type gas meter. Samples of gas and liquids 
are preserved for laboratory analysis (Fig. 4). 


ANALYSIS OF FIELD RESULTS 


The formation tester has been used commercially in 
the Gulf Coasts of Louisiana and Texas since July, 
1955. The results obtained in the first 1,000 runs (Sept. 
1, 1956) have proven the practicability of the method. 
The results give a SO per cent successful operation ratio. 
About 10 per cent of the failures have been successful 
when rerun. A positive interpretation has been possible 
in most of the recoveries, but there are some cases in 
which interpretation is impossible, or, at best, doubtful. 
As in the operation of most down-hole logging or test- 
ing devices, the border line formations give the most 
trouble. Further, it can be said that, due to its ready 
applicability, this tool has been run on more question- 
able sands than on good sands. 

It should also be pointed out that 50 per cent of 
the failures were due to ineffective pad seals in very 
soft Miocene sands. It is believed that testing of those 
sands will be done with a percussion-type fluid sam- 
pler. (This tool is capable of recovering five samples 
per trip in the hole. Each sample is selectively shot. 
The fluid sampler does not require a seal pad, as the 


Fic. 4—Formation Tester CHAMBER (A), Gas 
SEPARATOR (B), AnD Gas Meter (C), For 
MEASURING THE SAMPLE. 
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Percussion bullet penetrates beyond the flushed zones 
while connected to a 330-cc chamber through a hollow 
tube. After a short time period, the tool is pulled up- 
ward. This movement automatically seals the sample 
in the reservoir.) 


Running the gauntlet of successes and failures, the 
formation tester has recovered a full reservoir of pipe- 
line oil, a full reservoir of dry gas, a full reservoir of 
formation water, a full reservoir of mud filtrate, and 
a full reservoir of formation fluids contaminated with 
mud or mud filtrate. It has also recovered partial sam- 
ples of one or several of the above fluids and, on some 
occasions, nothing at all. In evaluating such results, it 
is well to point out the value of maintaining a low water- 
loss mud in order to better limit the amount of filtrate 
contamination of the sample. The use of the 2.75- or 
5.5-gal reservoirs also insures obtaining a more repre- 
sentative test. The larger reservoirs give a reduction in 
proportion of filtrate recovery and the increased volume 
enables more positive interpretation. 


One major company has had 41 successful tests out 
of 80 attempts, with 23 ineffective pad seals. Results 
for this company were highly satisfactory in pinpoint- 
ing gas-oil ratios, indicating productive permeabilities, 
and aiding in determinations of fluid content where 
the electrical log and side-wall core interpretation was 


inconclusive. 


A DISCUSSION OF THE RECOVERIES 


The fluid recoveries obtained to date can be classified 
in six main categories. These categories are listed to- 
gether with an interpretation based on field experience. 


THE RECOVERY IS SUBSTANTIALLY OIL 
AND GAS WITH SOME FILTRATE 


This formation will probably produce oil and gas 
with no water. A very close estimate of the GOR can 
be predicted. The gravity and type of oil can be es- 
tablished. The formation pressure, always a very im- 
portant factor, is established. 


THE RECOVERY Is SUBSTANTIALLY SALT WATER 
WITH A MINIMUM AMOUNT OF Gas, 
USUALLY ABOUT 1/10 cU FT 


This formation will, no doubt, produce salt water. 
The formation pressure is measured. 


THE RECOVERY OF OIL, AND/OR GAS, AND SALT WATER 


Experience with this type of test is limited. The 
formation may produce all three fluids; on the other 
hand, it may produce only water. If possible, the well 
should be completed above the depth of the test. If this 
cannot be done, a completion at the sample depth may 
be economical if the water-cut is not too high. With 
additional experience, it may be possible to predict the 
percentages of fluids that will be produced from the 


~ percentage of each recovered in the sample. The form- 


ation pressure is of interest. 


THE RECOVERY IS ONLY Mup FILTRATE 

Strictly speaking, the only information obtained in 
this case is the formation pressure and the fact that 
the formation is permeable. However, from the limited 
experience to date, it is believed that, if a formation is 
to be productive, there should be at least a trace of oil 
and some gas present in a test. There are exceptions 
to most rules, and there may be exceptions to this one. 
Of course, deep invasion usually indicates relatively low 
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porosity and permeability. This problem can be partially 
minimized by a better control of the water loss in the 
mud and by the use of the now available 2.75- and 
5.5-gal reservoirs. The formation pressure can be useful. 


THE RECOVERY Is ONLY A FEW CC OF FILTRATE 
AND A SMALL AMOUNT OF GAs 


This must be considered a dry test. Such a test can 
be obtained from an oil-sand if it is attempted in a 
shaly or impervious streak. If the sand appears good 
on the electric log, another test in the same sand 
should be attempted. From limited experience, it is be- 
lieved that a second dry test in a thin sand, 10 ft or 
less, is a good indication that no commercial produc- 
tion can be expected without special treatment. 


THE RECOVERY Is Mup ONLY 


This is a misrun. In soft, unconsolidated formations, 
many failures are caused by the sand actually flowing 
into the testing tool. Irregularities of the face of the 
borehole can also cause failure of the seal pad. 


THE PRESSURE CHART 


The recording of the pressure build-up curve at the 
surface has obvious advantages: 

1. It gives the engineer visual control of the tool 
during the testing operation. A seal pad failure, or a 
lack of pressure build-up is known almost immediately. 
Likewise, the characteristic curve of a successful test 
is promptly recognized. 

2. It furnishes a permanent record of the testing 
operation. 

3. It measures both formation pressure and mud 
pressure at the depth of the test. The pressure gauge 
presently incorporated in the tester has good accuracy, 
+ 3 per cent. Formation pressures can thus be rea- 
sonably determined. Pressure measurement technique 
will be improved in the near future to accomplish an 
accuracy of 1 per cent. 

As field experience was gained with the formation 
tester, it became apparent that the pressure chart was 
the key to certain formational characteristics. A thor- 
ough study of the results thus far obtained indicates 
that the charts fall into a family of eight basic cate- 
gories. An idealized chart has been drawn for each 
category (see Figs. 5 and 6). A discussion of these 
characteristic charts will give a better understanding of 
the performance of the tester under varying conditions 
and the degree of formation analysis possible in each 
case. The typical range of elapsed time is indicated 
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Fic. 6—Pressure CHART INTERPRETATION. 


at the left of each chart. Testing time starts when 
the bullets are fired. 

Chart No. 1: This type of pressure curve is obtained 
from a highly permeable formation. 

Chart No. 2: This type of pressure curve is obtained 
from a formation with a somewhat lower permeability 
than that of Chart No. 1. This is indicated by the 
lower sampling pressure and a slightly longer testing 
time. 

Chart No. 3: This pressure recording is obtained from 
a formation with very low permeability. The flow was 
insufficient to indicate a pressure in the sample con- 
tainer; however, it was possible to obtain the forma- 
tion pressure in the flow line. 

Chart No. 4: This illustrates the type of chart ob- 
tained from formations with extremely low permeabil- 
ity. The flow was too small to indicate a pressure in 
either the sample container or the flow line. 

Chart No. 5: In this test, the pressure curve shows 
clearly that a seal was not affected; therefore, this is 
a misrun. 

Chart No. 6: The pressure curve here indicates that 
the seal was obtained but failed before completion of 
the test. 


Chart No. 7: This is an example of plugging of 
the flow line before completion of the sampling. Point 
A indicates partial plugging. Point B indicates total 
plugging, making it impossible to obtain the formation 
pressure. If only partial plugging occurs, formation 
pressure can be obtained. 

Chart No. 8: This chart is similar to No. 2. In this 
case, the high viscosity of the oil contributes to a low 
sampling pressure and a slightly longer testing time. 
This is caused by the low relative permeability of this 
sand to the viscous fluid. 


ADVANTAGES OFFERED BY THE METHOD 


Several advantages of this method of formation test- 
ing by a tool operating on logging cable can be noted. 
Inherent in the system is the time-saving character- 
istic of wire-line tools. One test can be made safely at 
10,000 ft in two hours. This is total trip; time running 
in, test time, and pulling out. 

The testing can be done immediately following the 
electrical log or at any time during the drilling opera- 
tions. No special well conditioning such as ratholing is 
required. 


As in most other logging tools, the complete cycle 
of the tool operation is recorded at the surface. The 
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sampling pressure, formation pressure, and hydrostatic 
mud pressure are all part of a permanent original rec- 
ord on film. In addition, the indications of the sequence 
of tool operations on the film provide better control and 
later verification of the test procedure. 

The method provides extreme accuracy in depth con- 
trol through coupling the setting depth to a simultaneous 
recording of the SP curve which may be correlated 
with the electric log. The accuracy of depth setting is 
considered to be + 6 in. 

The system is actually a pinpoint fluid-sampling op- 
eration. At the very most, only a few inches of forma- 
tion are sampled on any one test. By successive tests, 
complete production profiles can be made, giving very 
accurately the thickness of the producible formation, 
the gas-oil, and the oil-water contacts. 

Analysis of the recovery on the surface enables the 
determination of type of fluid and gravity of the oil. 
Samples of the gas can be analyzed by the hot-wire 
method for indication of the hydrocarbons present. The 
gas-oil ratio can be calculated. Though this ratio is 
the minimum gas-oil ratio, and not necessarily the pro- 
duction ratio, field results indicate that it is close to 
the initial gas-oil ratio encountered on completion. 

Laboratory analysis of the sample may be made to 
determine the marketability of the producible products 
before a decision on the type of completion is made. 

Analysis and measurement of resistivities of aqueous 
solutions in the sample can be made to increase knowl- 
edge of the nature of the reservoir and aid in the in- 
terpretation of logs obtained in other wells in the area. 

Safe testing is assured by this cable-operated device. 
The formation pressure is contained by the full mud 
column during the entire operation. This makes the 
system practicable for deep high-pressure wells in which 
the risks involved have made the setting of casing 
mandatory for the utilization of normal testing methods. 


Other safety and economic benefits are achieved 
through the foreknowledge of formation pressures to 
be encountered in the well completion and prior to ad- 
ditional drilling in an area. These include savings in 
mud and equipment costs and the correct selection of 
control equipment for handling high pressures. 


FIELD EXAMPLES 


(The following discussions are based on actual field 
examples which well illustrate successful operations in 
several areas of the Gulf Coast) 


EXAMPLE No. 1 (FIG. 7) 


One of the most difficult problems on the Gulf Coast, 
both in logging and, to a lesser extent, in core analysis, 
is the differentiation between oil- and gas-bearing forma- 
tions. The difficulty is increased when the sands are un- 
consolidated and the gravity of the oil is greater than 
40 API. 

The electrical log and MicroLog covering a sand in 
the second well of a new field are shown in Fig. 7. 
Analysis of side-wall cores in this same sand in the dis- 
covery well indicated zero oil saturation at the equivalent 
depth of 9,300 ft. Three side-wall cores below 9,300 ft 
gave an oil saturation varying from 2 to 6.3 per cent. 
It was concluded on the basis of these cores that the 
sand was gas bearing and, therefore, the well was com- 
pleted in another horizon. 


Core analysis of the section in the second well, shown 
here, gave an average oil saturation of only 6 per cent; 
however, at 9,294 ft the formation tester gave 1.75 
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Pints of oil, 7.5 cu ft of gas, and 3 pints of filtrate. The 
calculated GOR from this test was 1,440, with a flowing 
Pressure of 4,300 psi and a shut-in pressure of 4,400 
psi. At 9,290 ft, a second test, 4 ft above the first one, 
gave a GOR of 3,494. 

It was then concluded that an oil completion should 
be made. After perforating from 9,296 to 9,300 ft, the 
well produced 211 bbl of oil with a normal gas-oil ratio 
of 1,284, a FFBHP of 4,275, and a SIP of 4,375. The 
excellent correspondence of the pressures given by the 
formation tester and the pressures obtained on the final 
production test, was very encouraging. It should be 
noted that successive measurements of GOR on the 
same test, when made by methods now in common prac- 
tice, will vary by 200 cu ft/bbl. It was later established 


that the upper formation test, giving a GOR of 3,494, 


had been taken at the exact gas-oil contact of the field. 

In this example, the formation tester contributed to 
_ the discovery of a new oil Pay and gave accurate GOR 
figures. Since completion of this well, the formation 
tester has been used to evaluate several other sands in 
the same field, and it is believed that each sample has 
been as valuable as a casing drill-stem test in planning 
the development of the field. 


EXAMPLE No. 2 (Fic. 8) 


Electrical logs and cores in this South Louisiana well 
indicated two saturated sands of low porosity and per- 
meability. The company decided to use the formation 
tester. The six tests shown in Fig. 8 were all dry, indi- 
cating the horizons to be nonproductive. Not satisfied 
with these results, the company decided to sidetrack 
the well a few feet to diamond core and analyze the 
sands. The upper sand gave an average porosity of 16 
per cent and average permeability of 1.6 md (maxi- 
mum 4.2). The lower sand gave 17.2 per cent porosity 
and 1.5 md (maximum 2.7). The well was plugged. 

The formation tester had indicated that both sands 
were nonproductive. Moreover, a close analysis of the 
electrical log and the MicroLog gave estimates of water 
saturations between 50 and 55 per cent, and permeabil- 
ities below 25 md. 


With more experience, substantiating evidence of this i= 
type will undoubtedly be accepted as sufficient to evalu- 


ate the formation as non-commercial. Costly sidetracks, 
or other methods of obtaining additional information 
will often be eliminated. : 

Thus dry tests, as made in this Well, offer valuable 
information. It is recommended, in cases of low perme- 
ability such as this one or in cases where the sand is 
known to be shaly, that more than One test be made 
to assure a fair evaluation of the zone. A 


EXAMPLE No. 3 (Fic. 9) 

This electrical log and MicroLog, in the “hard rock” 
country of Central Mississippi, indicated a potential pro- 
ductive sand in the Glen Rose. Side-wall core analysis 
gave porosities of 19 to 29 per cent with oil saturations 
of 5 to 20 per cent. Two formation tests were made at 
8,421 ft, each recovering traces of oil and 3.8 quarts 
of filtrate. Flowing pressures in the two tests were 600 
and 500 psi; shut-in pressures were identical at 3,800 1b. 

A third formation test at 8,405 ft recovered 1 
quart of filtrate, with 500 psi flowing pressure, and 3,700 
psi shut-in pressure. 

The recoveries of filtrate indicated extreme invasion, 
which explained, partially, the high resistivities on the 
electrical log. The very low flowing pressures were also 
indicative of extremely low permeabilities. The traces of 
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black oil recovered further contributed to a non-com- 
mercial evaluation of the reservoir. Nevertheless, an 
open hole drill-stem test of the entire sand body was 
made; it recovered 9.4 bbl of salty gas cut mud and 
9.7 bbl of slightly oily salt water, with a flowing pres- 
sure of 825 psi. The well was abandoned. 


EXAMPLE No. 4 (Fic. 10) 

Conventional diamond coring of the sand A in this 
example revealed a definite oil saturation. The core 
analysis gave the following average values: porosity, 
29.6 per cent; permeability, 507 md; gas by volume, 
8.8 per cent; water saturation, 65.6 per cent; oil satura- 
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Formation Test No. 1 at 8,421 ft: Recovered 3.8 quarts filtrate, trace oil, 
FP 600 Ib; SIP 3,800 Ib . 

Formation Test No. 2 at 8,421 ft: Recovered 3.8 quarts filtrate, trace oil, 
FP 500 Ib.; SIP 3,800 Ib 

Formation Test No. 3 at 8,405 ft: Recovered 1 quart filtrate, FP 500 Ib; 
SIP 3,700 Ib 

Drill-stem Test (8,397 to 8,454 ft): Open 25 minutes, pressure 3% |b, 
recovered 9.4 bbl salty gas cut mud and 9.7 bbl. gassy, slightly oily, 
salt water (16) FFP 825 
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Fic. 11—Formation Testinc oF THIN Pay 1n SoutH TEXxAs. 


tion, 5.2 per cent. Quantitative analysis of the electrical 
log, however, pronounced the zone a water-bearing sand. 


For confirmation, a formation test was requested. 
The tester recovered 0.2 cu ft of gas and 2,835 cc of 
salt water. The resistivity of the recovered water was 
0.04 ohm (170,000 ppm NaCL equivalent). Compari- 
son with the mud filtrate resistivity of 0.6 ohm easily 
established that the recovery was formation water, and 
not mud filtrate. The well was immediately plugged, 
thus saving a long string of casing and expensive testing. 


EXAMPLE No. 5 (Fic. 11) 


The electrical log in this South Texas well indicates 
a thin potential pay from 3,571 to 3,575 ft in a shaly 
sand. Wire-line cores were analyzed with the following 
results: porosity, 28 per cent; permeability, 525 md; 
residual oil saturation, 15 per cent (gravity above 42 
API); residual water saturation, 47.5 per cent. An oil 
well was predicted. 


However, the formation tester run twice at 3,573 ft 
produced only 1.2 and 3 cu ft of gas together with con- 
siderable filtrate. The sampling pressures were 500 and 
900 psi. The shut-in pressures were 1,100 psi. 

Due to the fact that no trace of oil was found in 
the recovered samples, it was decided that this was a 
gas sand. 


Testing through casing resulted in 1,000 Mcf on 
24/64-in. choke, with a 400 psi flowing pressure. There 
was no oil produced. 
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Rm=1.8 at 86°F 


Fic. 13—Formation Tester INCLUDED IN DRILLING PROGRAM. 


Recovery of Formation Tester: 22.2 cu ft gas, 75 cc distillate, 200 cc 
filtrate, sampling pressure 2,900 psi, shut-in pressure 3,000 psi 

Drill-stem Test: 51 MMcf gas and 27 bbl distillate per MMcf gas—Flowing 
Pressure 2,860 psi 

Formation Test No. 1 at 8,818 ft: Recovered 0.07 cu ft gas, 100 cc mud- 
cake, shut-in pressure 200 Ib, HMP 4,500 Ib 


EXAMPLE No. 6 (Fic. 12) 

This is an actual comparison of a standard open hole 
drill-stem test and a formation tester operation over the 
same interval. 

A very close similarity exists between the two tests, 
particularly in the pressures obtained. 

It is obvious the filtrate recovered by the formation 
tester was uncontaminated by any formation water. 
Calculations of the connate water resistivity indicate 
0.06 ohm at BHT, while the resistivity of the recovered 
filtrate is almost equal to the resistivity of the mud. 


EXAMPLE No. 7 (Fic. 13) 


The use of the formation tester was included in the 
drilling program for this well. A mud-logging unit re- 
ported a gas show at 7,460 ft. After running the elec- 
trical log at a TD of 8,500 ft, the formation tester, 
set at 7,462 ft, recovered 22.2 cu ft of gas; 75 cc of 
distillate, and 200 cc of filtrate. Sampling pressure was 
2,900 Ib; shut-in pressure was 3,000 Ib. Side-wall cores 
had a few shaly laminations; thus, an average perme- 
ability of only 50 md was measured. This was ques- 
tioned, in view of the excellent results of the formation 
tester. Larger side-wall cores gave 300 to 400 md, but 
core analysis had difficulty in predicting hydrocarbon 
saturations; the low-water saturation, however, was very 
encouraging. 

The drill-stem test, after perforating from 7,458 to 
7,464 ft gave a shut-in pressure on the tubing of 2,860 
lb, using a %4-in. choke on bottom and a 6/64-in. choke 
on the top. Identical flowing pressure of 2,860 Ib was 
measured on the tubing. 

The final closed-in pressure was 3,394 lb. The well 
produced 51 MMcf of gas, with 27 bbl of distillate 
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per MMcf (gravity, 57.6). The GOR was 36.65 
Mcf/bbl. 


EXAMPLE No. 8 (Fic. 14) 


High invasion is evident by the large separation of 
the resistivity curves. The very low reading on the 
lateral curve is due to the anisotropy of the shale above 
7,350 ft. Standard quantitative evaluation of the elec- 
tric log would have condemned the sand. In this test 
the 5.5-gal reservoir was used. Due to the high invasion 


the 1-gal tester would probably have recovered only 
filtrate. 


CONCLUSIONS 


1ne formation tester operating on logging cable has 


been introduced. It offers all the advantages of speed, _ 


safety and versatility characteristic of wire-line opera- 
tions. Experience to date on over 1,000 operations has 
been largely confined to unconsolidated sand and shale 
formations. Interpretable results on over 50 per cent 
of these operations indicate a performance which jus- 
tifies continued and expanded development. 

The tool is an important adjunct to electrical log- 
ging and side-wall coring operations. It offers an ac- 
curate and economical method for testing formations 
penetrated by the drill without conventional coring and 
testing. Because the full hydrostatic mud pressure is 
maintained during the entire Operation, it can be used 
safely in deep high pressure wells. Bottom-hole pres- 
sure and mud pressure are recorded at the surface. 
Tools with reservoir capacities of 1, 2.75, and 5.5 gal 
are being produced. 
~Examination and analysis of the recovered samples 
establishes or confirms the presence of oil or gas-in the 
prospective production zone. Gravity of the oil and 
gas-oil ratios may be determined. Laboratory analysis 
of recoveries may affect economic considerations related 
to completion of the well, particularly where a choice 
of several production zones is possible. 

Interpretation of pressure recordings obtained at the 
surface during the tests gives added valuable infor- 
mation on the permeability of the tested zones. 
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Fic. 14—Five-catton Tester Sotves a Dirricutr Propiem. 


Since the method includes only a small volume of 
formation in each test, a series of several tests within 
a single zone will establish permeability changes, oil- 
water and gas-oil contacts. 

Reservoir analysis, using data obtained with the 
formation tester, will, no doubt, increase in scope with 
increased application of the tool and with further im- 
provement in design. Already, the pressure measure- 
ments are being used to determine more accurately the 
compressibility factor, viscosity, and solubility. Improve- 
ment in the accuracy of the pressure measurement will 
increase its value in reservoir studies as, for example, 
the study of hydraulic gradients’. 

PVT analysis will be simplified by recovery of fluid 
before the formation has been allowed to produce, and 
under controlled conditions. 

It is anticipated also that quantitative studies of 
permeability and productivity index based on formation 
tester data may become possible. 
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Log Interpretation in Heterogeneous Carbonate Reservoirs 


R. H. WINN 


HALLIBURTON OIL WELL CEMENTING CO. 
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T.P.4637 


OLDULC ELON 


In this paper a heterogeneous carbonate reservoir 
is considered as a succession of layers of formations 
of radically different porosities, permeabilities, water 
saturations, and rock matrix types; i.e., the hetero- 
geneity is vertical rather than radial to the wellbore. 
Presumably each layer is more or less homogeneous. 

To determine the “net oil in place” in this reservoir 
it is desirable to know the porosity and water saturation 
of each layer. In addition, the section must be sub- 
divided into that which will produce oil, that which 
will produce water, and that which will produce little 
or nothing. 

In numerous wells drilled in these reservoirs radio- 
activity surveys, guard electrode surveys, and caliper 
surveys have been made. These logs have been com- 
pared with core analysis data, when available, and 
the analysis of the surveys compared with production 
data. This study, still in progress, is intended to pro- 
vide improved analytical techniques if such are pos- 
sible. This paper is a progress report on the work. 


DETERMINATION OF POROSITY 


The neutron-gamma log has long been recognized 
as a measure of hydrogen concentration.””* In reser- 
voirs that are free of clay, shale, or other hydrogen 
containing matrices, it has been accepted as a measure 
of porosity.*” Empirical methods to relate relative neu- 
tron-gamma intensity to porosity are often employed." 

To provide a more precise determination of porosity 
from the neutron-gamma log each instrument is cali- 
brated immediately prior to each survey by a method 
which refers all tools to a hydrogenous cylinder. To 
insure stability a calibration check is made after each 
survey. These calibration records are printed as an in- 
tegral part of the log that is recorded in standard counts 
per second. A detailed description of the calibration 
procedure is available in the literature.’ The procedure 
employed insures that each survey is numerically re- 
producible within the limits of statistical variation. 

To relate the standard neutron counts per second 


Original manuscript received in Society of Petroleum Engineers 
office on March 18, 1957. Revised manuscript received July 15, 1957. 
Paper presented at Permian Basin Oil Recovery Conference, Mid- 
land, Tex., April 18-19, 1957. 

+References given at end of paper. 
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to porosity and hole size, records were made in test 
wells constructed of blocks of limestone. The porosities 
of the blocks were accurately measured and the blocks 
completely saturated with fresh water. Fig. 1 presents 
some of the results obtained in these test wells.’ The 
lines shown in Fig. 1 were obtained by deriving an 
empirical equation relating the 11 points shown so that 
the relationship may be projected to larger and smaller 
hole sizes. A detailed description of the tool is avail- 
able in the literature.’ 

Field tests indicate that the tool is adjacent to the 
wall of the hole most of the time when the surveys are 
made in uncased holes drilled with saline muds. In 
this circumstance porosity may be calculated from Fig. 
1 if the hole size is known. When fresh muds that 
form thick mud cakes are employed, the centralizing 
effect of the mud cake must be considered and the 
porosity determination is less reliable. In cased holes 
the combined effect of variations in hole diameter and 
the unknown eccentricity of the casing in the hole may 
make porosity determinations extremely unreliable. In 
any event, an accurate knowledge of hole size is essen- 
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Fic. 1—Neutron-cammMa Countinc Rate vs 
Porosity; Lasoratory WELLS. 
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tial. Tools that will record a caliper survey simul- 


taneously with the gamma and neutron-gamma survey 
are under development. 


Fig. 2 illustrates the boundary effects on the neu- 
tron-gamma log in a 6-in. hole.’ Readings were made 
at 2-in. intervals, as shown, across the interface of two 
formations of 1.2 and 29.1 per cent porosity. Each 
reading was obtained while the tool was held station- 
ary for a length of time sufficient to reduce statistical 
variation to insignificance. It is evident that, inherently, 
the tool is unaffected by a boundary only when it is 
8 in. or more away from the boundary. Consequently, 
the neutron log, even though recorded at zero speed, 
cannot resolve porosities at less than 16-in. increments. 


Under actual operating conditions a time constant 


must be introduced into the rate meter circuit to reduce _ 


statistical variation. Commonly, a time constant of two 
seconds is employed. This means that the integrating 
meter will take six seconds (three time constants) to go 
- from one counting rate to a second different counting 
rate that is 95 per cent correct for the second in- 
terval. If a logging speed of 20 ft/min is employed the 
tool will travel 2 ft during that six seconds. As a result 
the neutron-gamma reading at any point in a sur- 
vey is responding to porosities above and below that 
point for an interval that can be no less than 16 in. nor 
greater than 40 in. To improve resolution and the ac- 
_ curacy of porosity determination, logging speeds must 
be low. A maximum speed of 20 ft/min is recom- 
mended. In addition, it is customary to record at 
least 200 ft of duplicate survey. This should be se- 
lected to cover the section that is to be analyzed. 


“To determine the applicability of the equation re- 
lating neutron-gamma counting rate to hole size and 
porosity, a statistical study of neutron-gamma surveys, 
caliper surveys, and core analyses has long been un- 
derway. Fig. 3 shows a radiation survey correlated with 
a “whole-core analysis” of the section. The core analysis 
is plotted as a calculated neutron curve based on Fig. 
1 for the condition of the tool held adjacent to the wall 
of the hole. The effect of logging speed and time con- 
stant is not considered in the calculated curve and the 


averaging effect of the neutron survey is quite evident. _ 


Fig. 4 is derived from the data presented in Fig. 3 
in the following manner: a weighted average core 
analysis porosity curve is made on 3-ft increments. The 
porosity of a given foot is assigned a value of 50 per 
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vent of the value measured for that foot plus 25 per 
cent of the value of the foot above and 25 per cent of 
the value of the foot below. The weighted average core 
analysis curve is then compared directly with the neu- 
tron log. Experience has shown that a 1:2:1 aver- 
age is a useful type for the purpose of comparing 
these data. The weighted average core porosity and the 
average neutron counting rate are plotted for each 
porosity interval in Fig. 4. Table 1 shows the tabula- 
tion of the data presented in Figs. 3 and 4. 

Comparison of whole-core analysis data with the neu- 
tron-gamma logs have been made in the manner illus- 
trated above in 32 wells that cover 14 formations in 
22 counties. A comparison of 2,923 ft of core data and 
logs have been made in hole sizes ranging from 434 to 
10 in. A summary of the experience to date is shown 
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Fic. 3—Wuote Core Porosity vs NEuTRON-GAMMA 
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in Figs. 5 and 6, where the average of each porosity 
increment from core data is compared to that obtained 
from the neutron-gamma log and the relationship illus- 
trated in Fig. 1. The area of the symbols is proportional 
to the net feet compared at that point. 

It is evident that the neutron porosity is statistically 
comparable to the core porosity in all the geological 
systems except the Devonian. The unique effect of the 
secondary dolomite in the Devonian correlates with a 
grain density change and will be further discussed in 
a later paper. For the remainder of the systems in- 
volved, it is believed that the evidence advanced here 
justifies the use of the neutron curve for the measure 
of porosity. Fig. 7 may be used to calculate porosity 
directly from the hole size and the neutron-gamma 
counting rate. While this relationship is statistically 
valid it is not infallible. Unavoidably, considerable 
averaging is employed in these comparisons and the 
neutron porosity calculation at any given foot may dif- 
fer considerably with core analysis or other data. 

Fig. 7 must be used with understanding and cau- 
tion. The presence of thick mud cake will act partially 
to centralize the tool and unless this effect is accounted 
for the porosity calculations will be too high. This is 
more likely to occur in porosities above 10 per cent. 
The presence of gas in the formation within the zone of 
influence will make the porosity calculations too low. 
The presence of hydrogen in argillaceous material or 
hydrates, such as gypsum, will make the porosity cal- 
culations too high. Indeed the gypsum content of the 
San Andres formation in parts of Crane County, Tex., 
prevents accurate calculations without the aid of aux- 
iliary surveys. 


WATER SATURATION DETERMINATION 


Water saturation is calculated from the classic Archie 
equation: 


TABLE 1*—CALCULATIONS OF CORE AND NEUTRON POROSITY 
CORRELATIONS SHOWN IN FIGS. 3 AND 4 


WEIGHTED 
CORE 1.2.1 WEIGHTED RADIATION NEUTRON-GAMMA AVERAGE CORE 
SAMPLE CORE DEPTH POROSITY AVERAGE CORE LOG DEPTH COUNTING RATE CONVERTED TO HOLE 
NUMBER (FEET) (PERCENT) POROSITY (%) (FEET) (COUNTS/ SECOND) COUNTS/ SECOND SIZE 
| 5371.4-72.0 1.2 12 5372-73 764 775 7-7/8" 
53720-73.1 09 16 5373 -74 740 760 
3 5373.1-74.5 28 35 5374-75 710 689 
4 5374.5-76.0 67 58 5375 -755 670 630 
5 5376.0-77.2 1g 67 5375.5-77 630 610 
6 5377.2-78.6 60 5.2 5377-78 670 640 
7 THRU SEE NOTE 
5 54340-34.9 32 3.7 5431-32 710 682 
52 5434.9-36.3 37 35 5432-32.5 72! 688 
53 5436,3-37.4 3.1 3.3 5432.5-33 736 690 
54 5437.4-38.7 3.3 3.4 5433- 33.5 720 690 
55 5438.7-~40.0 37 3.8 5433,5-34 709 680 
56 54400-4.0 45 42 5434-35 683 665 
57 54430-44.5 63 6.7 5445-46 702 
58 54445-45.8 Li) 73: 5446-47 690 688 
59 5445.8-47.0 88 75 5447-48 665 682 
60 54470~48.4 10.6 10.3 5448-50 625 623 
61 5448.4-~49.6 109 94 5450-5] 659 642 
62 5449.6 -508 49 65 5451-52 683 710 
63 THRU 95~- SEE NOTE 
96 54905-9135 93 9.6 5490,5-91.5 618 640 
97 $491.3-92.7 14 5491.5-92 580 608 
98 54927-93.7 121 $492-93.5 590 605 
99 54937-9047 120 5493.5-95 585 605 
100 5494.7-95,7 10.6 109 5495-965 605 619 
101 5495.7-97.0 10.6 10.6 5496.5-97 630 622 


WEIGHTED AVERAGE 
POROSITY 1.2.1 WEIGHTED. NEUTRON-GAMMA 


SAMPLE RANGE AVERAGE CORE COUNTING RATE NUMBER OF FEET HOLE 


NUMBER (PERCENT) POROSITY (%) (COUNTS/ SECOND) AVERAGED SIZE 
I 6-8 69 606 17.8 7-7/8" 
TO 4-5 4.95 654 32.5 7-7/8" 
56 2-3 3.77 715 15.6 7-7/8" 
| 1,45 748 7 

57 12.11 592 86 

: 6-1/8 

To 8-10 9.44 643 27.2 6-1/8" 
101 5-7 6.87 702 18.2 6-1/8" 


*Points 7 thru 50 and Points 63 thru 95 omitted. The author will supply 


this information upon request. 
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( R; ) 


where the cementation exponent, m, and the water re- 
sistivity are known from sources other than the sur- 
veys. The porosity is calculated from the neutron sur- 
vey and the water saturation from the resistivity log 
and the porosity. 

It is fundamental, however, that the data be deter- 
mined for each thin layer of more or less homogeneous 
strata. This demands that the resistivity measuring de- 
vice be focused in a narrow plane parallel to the bed- 
ding of the strata. The guard electrode is a device that 
measures the resistivity from a 3-in. cylinder. “* The 
current leaving this cylinder is focused by two 53-ft 
equal potential electrodes above and below the 3-in. 
cylinder. The characteristics of this device can be sum- 
marized as follows: (1) the effect of the hole and the 
mud therein is small and easily calculated when the 
hole size is small, (2) the effect of invasion is slight 
when R,,,/R, = 1, but can be great when R,.,/R,, be- 
comes large, and (3) the effect of bed thickness is negli- 
gible when the bed thickness is greater than three hole 
diameters. 
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Fic. 7—NeutTRon-cAMMA Countine Rate, 
Size, Porosity Nomocram; Free Limr- 
STONE, FLuip Hote, Toot Apsacent 
TO Watt or Hote. 


As a result of these characteristics, the log will pre- 
sent an accurate and detailed log of the lithology and 
the apparent resistivity will be directly proportional to 
the true resistivity when R,,,/R,, < 1 and when the bed 
is continuous and homogeneous for a distance of 2 or 
3 ft. The effect of invasion is a function of R,,,/R,, and 
a-function of D;/d. In order to avoid the laborious 
use of departure curves an approximate expression re- 
lating these quantities has been developed. This expres- 
sion is: 

10'633. (log D,/d) R,,. + (1 — 0.633) (log 

(2) 
The factor d’ is the effect of the hole and the mud 
therein. This factor varies from 1 in a 3%8-in. hole to 
0.8 in a 9-in. hole. The expression is applicable only 
when D,/d < 5 and R,,,/R,, < 10. 

To relate Eqs. 1 and 2 for the determination of 
water saturation, a cementation exponent, m, must be 
known. The published data relating porosity and forma- 
tion factor to yield m in limestones are meager. How- 
ever, there is some evidence that m varies from 2 to 
2.3 as a function of the rock matrix type." It is indi- 
cated that the 2.3 figure is applicable for compact crys- 
talline limestones while the figure of 2 is applicable to 
chalky granular or oolitic limestones. This relationship, 
however, is of a statistical character rather than a 
precise mathematical relationship. Since m must vary 
with rock tortuosity, only in a uniform grain size would 
m remain constant. : 


When the R,, is known from produced water data, 
Eqs. 1 and 2 can be combined to form a chart which 
will allow the calculation of S from the neutron-gamma 
counting rate and the apparent resistivity recorded by 
the guard survey. One such chart is illustrated in Fig. 
9 which is applicable to the composite radiation-guard 
survey shown in Fig. 8. Here a cementation exponent 
of 2.3 was chosen since there was considerable compact 
crystalline matrix indicated in the core description. Note 
that the mud filtrate resistivity is three times the inter- 
stitial water resistivity and that two sets of numerical 
values for S are indicated. These are derived by assum- 
ing that invasion may vary from d to 2d only for this 
particular well. Similar charts may be prepared for any 


VOL. 210, 1957 


conditions and the variation of the numerical values of 
water saturation will be greater when Rn;/Rw» is greater 
and when D,/d is greater. Eqs. 1 and 2 may also be 
combined in the form of nomographs which will allow 
for any variation in m or Rn;/R» and. D;/d; these are 
available in the published literature.” The application 
of the chart in Fig. 9 is as follows: from the neutron- 
gamma counting rate calculate porosity. Since Figs. 5 
and 6 indicate that the accuracy of this porosity cal- 
culation is no better than plus or minus one-half of a 
porosity per cent, locate lines AB and CD of the 
probable porosity range. Assume the validity of the 
value recorded from the guard to have an accuracy 
of + S per cent and locate lines AD and BC at these 
ranges of apparent resistivity. The enclosure shown 
then represents the range of probable values of water 
saturation and porosity for that particular pair of 
readings. We may calculate the most probable value as 
the arithmetical mean of ¢,, ¢., S,, and S:, but the en- 
closure is representative of the limits of our knowledge. 
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It is obvious that our knowledge of water satura- 
tion values becomes more definitive as the porosity in- 
creases and the water saturation decreases. At very low 
porosities or at very high water saturations, there is 
always a greater possibility of error in the numerical 
values that we assign to the water saturations. The sur- 
vey shown in Fig. 8 has been analyzed in this man- 
ner and Table 2 shows the results obtained from these 
calculations. 


RELATION BETWEEN WATER SATURATION 
AND POROSITY 


A plot of water saturation vs porosity as the function 
of depth can help establish the probable producing fluid. 
If the formation is oil producing and well above the 
oil-water interface, there is an approximate relation 
between porosity and water saturation for any given 
type of matrix of carbonate rock. The log interpreta- 
tion data can help to establish this relationship if the 
rock matrix is fairly homogeneous. 

In many rocks there is a “cut-off” porosity below 
which no commercial contribution to production is 
possible.” This cut-off porosity may be established from 
the plot of water saturation vs porosity provided that 
the section is above the capillary transition zone. This, 
then, permits the calculation of the net productive in- 
terval and the “oil in place.” 

Near the oil-water contact it is not possible to es- 
tablish the capillary characteristics of the formation 
from the log interpretation data. However, if these char- 
acteristics have been established independently or else- 
where for the same rock type of the same formation, 
then the porosity and water saturation plot can help 
to determine the point above which clean oil will be 
produced without water, the region where the water 
production is to be expected, and the points at which 
water production will become appreciable or prohibitive. 

A recent publication has shown that the plot dis- 
cussed above is useful when applied to capillary pres- 
sure data.” In this technique cores that are represen- 
tative of the porosity ranges encountered, and also rep- 
resentative of the different types of rock matrices, are 
subject to the injection of mercury at different pres- 
sures." From these data a statistical relationship be- 
tween capillarity and porosity is determined. Fig. 10 


TABLE 2*—RADIATION-GUARD ANALYSIS DATA; WOLFCAMP FORMATION, 
ANDREWS COUNTY, TEX. (FIG. 8) 


NEUTRON-GAMMA APPARENT GUARD porosity!" saturation”) 


POINT DEPTH COUNTING RATE RESISTIVITY (PERCENT) (PERCENT) AVERAGE 
NUMBER (FEET) (COUNTS/SECOND) M2/M) 2 S| Se (%) 
11885 790 70 69 24 52 
2 11888 585 50 106 14 10 12 
3 11893 760 50 28 55 36 33 45 
4 1895 690 70 51 61 56 
5 11898 735 80 35 45 40 31 
6 11899 660 50 68 21 
7 THRU 93 —- SEE NOTE 
94 12296 660 180 6SLe are 14 8 68 10 
95 12302 705 200 45 50 15 
96 12305 620 160 85 9.5 10 5 9.0 7 
97 12309 730 200 \7 
98 12311 785 240 35 19 26 26 
99 12317 745 120 3320 37 25 


= 0.046 OHM-M, Rw=0.013 OHM-M, F = 1/922, HOLE SIZE - 6-3/4 INCHES 


AS PROPOSED IN TEXT 
S$; Di= d(NO INVASION), 6, = 0-05, ARa = -5% 
Sp- Di= 2d, ROS = 20%, = 9+05, = +5% 


*Points 7 thru 93 omitted. The author will supply this information upon 
request. 


272 


compares the log analysis data obtained from the sur- 
veys in Fig. 8 with the mercury injection data obtained 
from cores in this same well. 

Since both sets of data are admittedly of statistical 
origin, the degree of agreement is surprisingly good. 
Both sets of data indicate that only that porosity greater 
than 6 per cent will contribute substantially to the pro- 
duction. The neutron survey indicates that 73 ft of the 
section has a porosity greater than 6 per cent and that 
the weighted average of that porosity is 11.2 per cent. 
From either the mercury injection data or the log 
analysis data, the water saturation at 11.2 per cent is 
26 per cent and the total oil in place is 46,900 bbl/acre. 

The log analysis data indicate an approach to the 
oil-water contact at point 40 (9,110 to 9,112 ft). Point 
10 is considered statistically invalid. The well was com- 
pleted through perforations from 9,048 to 9,072 ft and 
produced 260 BOPD plus 0.5 per cent water. 

Too much must not be read into this agreement of 
data. Both forms of analysis are statistical in origin 
and the log data may be at least as erroneous as the 
enclosures shown in Fig. 10 and explained in Fig. 9. 
This prohibits the accuracy that may be desirable in 
some types of reservoirs. 

Many heterogeneous limestones contain vastly differ- 
ent types of rock matrices. Fig. 11” illustrates the re- 
lation between capillarity and porosity for two types of 
rock found interbedded in the Clearfork formation of 
Ward and Winkler counties, Tex. Log analysis data 
obtained over such an interval might be extremely dif- 
ficult to understand. An identification of the rock types 
from cores or cuttings would enhance understanding. 

Fig. 12 shows a radiation-guard survey over a part 
of the Grayburg-San Andres formation encountered in 
Andrews County. The analysis of this survey, made in 
the same manner as before, is illustrated graphically 
in Fig. 13. The data are presented in Table 3. Here the 
data were interpreted to represent two types of rock 
matrices covering the sections 4,355 to 4,392 ft and 
4,392 to 4,476 ft. Since no type of simulated “re- 
stored-state” data was available on this well, the ac- 
curacy of this conclusion cannot be verified. The simi- 
larity to Fig. 11 is evident. As a result of this conclu- 
sion only the section from 4,392 to 4,478 ft was con- 
sidered as productive and the volumetric analysis cal- 
culated as before. The well was completed through per- 
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forations at 4,452 to 4,472 ft and, after fracturing, pro- 
duced 113 BOPD with no water. Average porosity of 
the lower section is 7.4 per cent + 0.5 per cent, 

If the heterogeneous section contains interbedded 
types of matrices, including clastic formations, there is 
little hope of accurate log analysis unless the log data 
can be compared to representative capillarity curves 
made with widespread pressures Over each type of 
matrix. Again, some identification of the rock type as- 
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sociated with each section from cores or cuttings would 
be highly desirable.” 

The need for these supplementary data becomes 
greater upon the approach to the oil-water contact since 
water production may be encountered at relatively low 
water saturations if the capillary forces that are hold- 
ing the oil in place are low,” 


Fig. 14 is a survey made of the Smackover lime in 
Franklin County, Tex. Table 4 and Fig. 15 present 
the results of log analysis made as before. Here a 
preponderance of points lends validity to the analysis. 
Undoubtedly, the rock matrix is of a reasonably consis- 
tent type. A cementation exponent of two was assumed 
since this is indicated by the published data on the 
Smackover.” However, these data were obtained on an 
Oolitic matrix and in this well the matrix is of a com- 
pact crystalline type. 


TABLE 3—RADIATION-GUARD ANALYSIS DATA; GRAYBURG-SAN ANDRES 
FORMATION, ANDREWS COUNTY, TEX. (FIG. 12) 


saTuRATION'!) 


NEUTRON-GAMMA APPARENT GUARO porosity!) 
POINT DEPTH COUNTING RATE RESISTIVITY (PERCENT) (PERCENT) __AVERAGE 
NUMBER (FEET)  (COUNTS/SECOND) (OHMS M2/M) S2 
| 4355 570 200 58 6.8 53 36 63 45 
2 4360 625 350 32 42 79 47 37 63 
3 4363 580 150 5.4 6.4 67 45 59 56 
4 4366 625 410 3.2 4.2 73 43 37 58 
5 4372 550 100 74 84 57 40 79 49 
6 4382 685 600 12 22 100 79 17 90 
7 4387 650— 700 23 33 82 44 2.8 63 
8 4392 650 600 23 33 88 48 28 68 
9 4399 575 1700 56 66 19 12 61 16 
10 4401 565 1600 64 74 17 H 69 14 
i 4407 670 4100 17 27 48 22 22 35 
12 4412 600 1500 44 5.4 27 17 49 22 
13 4417 525 400 94 10.4 22 15 99 19 
14 4422 520 100 96 106 13 9 10.1 
15 4429 555 100 7.0 8.0 18 13 75 16 
16 4445 570 275 6.0 70 44 29 65 37 
7 4450 605 3500 41 51 19 2 46 16 
18 4454 505 600 012.0 15 tl NS 13 
19 4458 550 2700 74 8.4 I 8 7.9 10 
20 4460 530 1600 8.8 9.8 12 8 93 10 
21 4465 600 3500 44 54 49 14 
22 4467 540 2600 80 90 10 7 85 9 
23 4472 480 700 137 147 uN 8 14.2 10 
24 4476 545 1600 76 86 14 10 81 12 


= 0.028 OHM-M, Ry = 0.096 OHM-M, F = 1/923, HOLE SIZE 9 INCHES. 


aS PROPOSED IN TEXT 
= Di= d (NO INVASION), $, = 0.5, ARa = -5%. 
Di= 34, ROS = 20%, §+05, ARa = +5%. 
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CON GE US TONS 


Log analysis of heterogeneous limestones may be 
made from neutron, caliper, and focused resistivity 
surveys when the holes are drilled and surveyed with 
saline muds. Low logging speeds are essential to pro- 
vide accurate porosity determinations. The resistivity 
logging device should be focused in a horizontal plane 
over as thin an increment of depth as is practicable. 

In heterogeneous reservoirs the understanding of the 
log determinations of porosity and water saturation and 
the reservoir evaluation requires additional data regard- 
ing the capillarity characteristics of the formations and 
the type of rock matrices encountered. In homogeneous 
limestones capillarity characteristics may sometimes be 
inferred from the plot of the log analysis data. 
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1ABLE 4*—RADIATION-GUARD ANALYSIS DATA; SMACKOVER 
FORMATION, FRANKLIN COUNTY, TEX. (FIG. 14) 


NEUTRON-GAMMA APPARENT GUARD porosity!) saturaTion!? 
POINT DEPTH = COUNTING RATE RESISTIVITY (PERCENT) (PERCENT) AVERAGE 
NUMBER (FEET) (COUNTS/SECOND) (OHMS M2/M) 92 S2 
| 8956 650 500 48 58 37 26 53 31 
2 8969 665 750 43 53 3024 48 27 
3 8974 585 145 84 94 36. 28 89 32 
4 8977 535 100 6 12.6 3024 12.1 27 
5 8978 515 70 134 144 30 24 13.9 27 
6 8980 575 165 88 98 3) 25 93 28 
7 THRU 36 - SEE NOTE 
37 9094 740 1125 16 26 86 42 21 64 
38 9096 775 1750 10 20 100 © 46 15 73 
39 9104 570 350 90 100 21 16 95 19 
40 9110 600 75 71 81 60 49 76 54 
4l 9112 670 75 42 52 100 76 47 88 
42 9117 700 160 28 38 100 33 100 


Ryp = 0.21 OHM-M, Rw = 0.07 OHM-M, F = 1/023, HOLE SIZE - 7-3/4 INCHES 


AS PROPOSED IN TEXT 
Di= (NO INVASION), 9, = 9-05, ARa = -5% 
Di = 24, + 0.5, QRa = +5%. 
*Points 7 thru 36 omitted. The author will supply this information upon 
request. 
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ABSTRACT 


Scaled reservoir models have been used to study the 
effect of gravity on oil recovery performance in frontal- 


- drive operations; namely, water, gas, or solvent flooding. 


The difference in density between the reservoir oil and 
the injected fluid causes their segregation, resulting in a 
non-uniform advance of the fluid front. In the labora- 
tory flow tests, which simulated both five-spot and 
linear injection operations in flat reservoirs, the viscous, 
capillary, and gravity forces present in these operations 
were scaled. Dyed fluids were used so that the gross 
movement of the injected fluid could be observed. The 
studies covered a range of injection rates, formation 
thicknesses, and rock and fluid properties normally en- 
countered in field operations. 

The results of the model tests indicate that the 
volume of the reservoir contacted by the injected fluid 
at its breakthrough into the producing well is less than 
that expected based on information which neglects 
gravity effects. This difference can often be as much as 
80 per cent by gas or water injection in uniform sand 
bodies. Preliminary flow tests on a non-uniform sand 
body indicate that the uniformity of the flood fronts 
may in some situations be influenced to a much greater 
degree by permeability variations within the rock body 
than by gravity effects. The magnitude of fluid segrega- 
tion due to gravity is controlled by the average injection 
rate, rather than day to day or week to week variations. 


R ODUCT! ON 


One of the important factors controlling the oil 
recovery from a frontal-drive operation, such as water, 
gas, or solvent injection, is the volumetric sweep effi- 
ciency. This factor is a measure of the gross portion 
of the reservoir that is contacted by the displacing 
fluid. The volumetric sweep efficiency is influenced by 
gravity effects, well arrangements, and variations in rock 
permeability within the reservoir. The gravity effects are 
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due to the displacing fluid being of different density 
than the reservoir oil. This causes the displacing fluid 
to move preferentially toward either the top or bottom 
of the formation. Non-uniform advance of the flood 
front can be caused by the relative positions of the 
injection and production wells. Variations in rock per- 
meability also result in an uneven advance of the dis- 
placing fluid. Gas zones, representing paths of low 
resistance, may result in non-uniform movement of the 
injected fluid. The more uneven the advance of the dis- 
placing fluid, the lower is the volumetric sweep effi- 
ciency and thus the lower the oil recovery efficiency. 

The effects of well arrangement and permeability 
variations, upon the gross movement of the injected 
fluid have been the subjects of extensive investiga- 
tions.”****° Gravity effects have been recognized as 
being present in frontal-drive operations’* but there has 
been little quantitative measure of their magnitude. 
Very likely the reason gravity effects have not been 
studied is that this problem does not lend itself to 
simple experimental or mathematical analysis. The 
development of reservoir modeling techniques has made 
possible a quantitative determination of the effect of 
gravity on fluid segregation and thus upon the oil 
recovery performance of frontal-drive operations. 

This paper presents a progress report on a laboratory 
investigation of gravity effects in fully liquid-saturated, 
horizontal, uniform as well as non-uniform systems. 
These results were obtained from scaled experiments on 
both linear and five-spot systems within the range of 
conditions normally encountered in secondary recovery 
operations. This study is concerned with the gross move- 
ment of the injected fluid to the time it first reaches 
the production wellbore. Therefore, it should be empha- 
sized that the results of this paper can not be used to 
determine the effect of gravity segregation on oil 
recovery efficiency at abandonment conditions. 


MODEL SCALING 


The science of scaling models is relatively new as 
applied as petroleum production problems. Many of 
the scaling techniques have been adaptions of those 
used in basic studies of heat and fluid flow. There are 


1References given at end of paper. 
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two conventional means of determining scaling criteria. 
These are (1) dimensional analysis’ and (2) inspec- 
tional analysis.” Determining scaling criteria by dimen- 
sional analysis consists of selecting all the variables 
that may influence the process, and combining these 
variables into a series of dimensionless groups. This 
is a relatively simple procedure. However, special care 
must be taken so that the variables included are all 
those truly relevant to the process. 

In inspectional analysis all equations describing the 
behavior of the process are combined to form a single 
equation. The coefficients of this equation are then 
combined to form the dimensionless scaling groups. The 
procedure in using inspectional analysis has been illus- 
trated in the literature.” The scaling criteria thus 
determined have a clear physical meaning, and their 
function in the process can be readily visualized. The 
scaling groups presented in this paper have been deter- 
mined by inspectional analysis. 

A single differential equation was written combining 
the continuity equation with Darcy’s law for both 
horizontal and vertical flow through a uniformly aniso- 
tropic formation. Diffusion was not considered in formu- 
lating this equation. The resulting equation accounts 
for the properties of all the fluids involved and the 
flow properties of the rock. The following scaling criteria 
were derived by a procedure similar to that previously 
published.” 


R,=—4/—. 
(1) 
k, k,. 
ba bo 
(3) 
Vk, a cos 
V ke ky gAp 
where 
g = gravitational constant 
k, = specific permeability in horizontal direction 
k, = specific permeability in vertical direction 
k,. = relative permeability to oil 


k,q = relative permeability to the displacing fluid 
M = mobility ratio 
qi = linear injection rate (volumetric injection 
— cross-sectional area) 
x = length of system 
thickness of system 
Ap = density difference between the injected 
and displaced fluids 
interfacial tension between the injected 
and displaced fluids 
© = contact angle 
[uo = Oil viscosity 
bua = displacing fluid viscosity 

The terms R,., R., and R, are similar to those devel- 
oped for isotropic systems.” 

The scaling criteria, presented here, apply to the 
gross movement of the injected fluid in all frontal drive 
operations in which displacement is the sole mechanism. 
These criteria do not apply to gas injection operations 
in which the injected gas dissolves to a significant extent 
in the reservoir oil. These scaling criteria apply to sol- 
vent injection operations having a negligible mixing 
zone between the solvent and oil. 

The term, R,, is the ratio of the effective length to 
height, the geometric dimension of the system. R, is 
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the ratio of the displacing fluid mobility behind the 
flood front, k,2/j4, to the oil mobility ahead of the 
flood front k,,/u,. This term expresses the relative 
ability of the displacing fluid to move behind the flood 
front to the ability of the oil to flow ahead of the 
front. For systems in which there is a saturation 
gradient behind the flood front, the displacing phase 
mobility has been found experimentally’ to be that at 
the average displacing phase saturation behind the 
flood front. In water flooding, the more viscous the 
reservoir oil, the higher the mobility ratio. In solvent 
flooding, the permeability of the rock to both oil and 
solvent is the same, and the mobility ratio reduces to 
the oil-solvent viscosity ratio. The term, R., is the 
ratio of the viscous pressure gradient to the capillary 
pressure gradient. The term, R,, is the ratio of the 
viscous pressure gradient to the gravity gradient, or the 
ratio of the horizontal to vertical pressure gradients. 

Inherent in the use of these scaling factors is the 
requirement that the well arrangement in the model 
must be the same as that in the prototype. 

Model flow tests thus scaled provide information 
as to the gross movement of the injected fluid through 
the sand body. Since the manner in which the injected 
fluid moves is not dependent upon the rock porosity, 
this factor need not be scaled. The relatively permeabil- 
ity characteristics of the rock affect the gross move- 
ment of the injected fluid in uniform sand bodies only 
through the term R,. 

A measure of the gross movement of the injected 
fluid is the portion of the rock volume that has been 
contacted by this fluid at the time it breaks through 
to a production well. This is termed the volumetric 
sweep efficiency, E,,. 

A single model test can be used to simulate many 
different field situations. For example, the volumetric 
sweep efficiency obtained in a test scaled to a particular 
water flood would apply to a gas injection operation 
with the same value of R,, having a different injection 
rate and a correspondingly different oil-injected fluid 
density difference. That is, the volumetric sweep effi- 
ciencies in frontal-drive operations depend upon the 
values of the scaling groups and not upon whether 
the injected fluid is gas, water, or solvent. 


EQUIPMENT 


MOopEL FIELDS 


The advance of the displacing fluid in uniform sys- 
tems was studied using models of both linear systems 
and five-spot well arrangement patterns. These models 
were constructed of transparent plastic and packed 
uniformly with closely sized sand or glass beads. To 
test the uniformity of the packing, the advance of the 
flood front was observed when dyed water displaced 
clear water of the same density and viscosity. Con- 
solidated sandstone models, made of Torpedo sand- 
stone (500 md) and Berea sandstone (150 md) were 
also used. 

The linear unconsolidated models were from 16.5 
to 66 in. long, having an inside cross section 1 by 4 in. 
With these models the ratio of the length of the system 
to its height ranged from 4.1 to 66. The consolidated 
sandstone models were of various dimensions, ranging 
from 10 to 34.5 in. long. 

The unconsolidated models used in the study of 
five-spot pattern flooding were identical in geometry to 
one-eighth of a five-spot well pattern (Fig. 1). Two 
sizes of models were made. The larger model was 46 
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in. between wellbores, and 4 in. thick. The openings 
into the sand body at the wellbores were 0.040 in. 
wide. With these dimensions, the model was geometric- 
ally scaled, for example, to a five-spot pattern, having 
one well every 10 acres, 40 ft of pay thickness, with 
wellbores 1 ft in diameter. The smaller models were 
29 in. between wellbores and 3 in. thick. 

To simulate a formation having one type of rock 
non-uniformity, a stratified five-spot model was con- 
structed. This model was similar in dimensions to the 
smaller uniform five-spot models previously described, 
but contained five parallel cloth separators. The sand 
body was thus divided into six Strata having the same 
thickness. The strata were picked with different sized 
glass beads, such that each stratum was of different 
permeability. The cloth was of fine texture so that the 
beads were completely separated. However, the cloth 
had negligible resistance to flow across it. The perme- 
_ abilities of the strata Tanged progressively from 5.8 to 
127 darcies, as determined from tests on the individual 
bead sizes. 


FLuIps 


In the miscible flow tests, one liquid was water and 
the other a mixture of glycerol and water. In the model 
water floods, the oils were mixtures of decane and 
mineral oil, the water being 0.1 N sodium chloride 
solution. In the water floods in which reduced capillary 
effects were desired, either isopropyl or butyl alcohol 
was added to both the oil and water to reduce the inter- 
facial tension. 


Either the injection or displaced liquid was dyed. 
“The advance of the flood front could then be observed 
through the transparent sides of the model. 


PROCEDURE 


When using miscible fluids, the pore space of the 
model was first saturated with the liquid simulating the 
reservoir oil. Then the liquid simulating the solvent 
was pumped at a constant rate into the injection well. 

In preparation for the model water floods, the pore 
space was first saturated with water, which in turn was 
displaced with the hydrocarbon liquid representing the 
reservoir oil. The water remaining in the model after 
thorough flushing simulated reservoir connate water. 


FIVE=SPOT 
PATTERN 


INJECTION 
WELL 


PRODUCTION 
WELL 


MODEL 
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Injection water was then pumped at constant rate into 
the model. 

In measuring the volumetric Sweep efficiencies, it 
was necessary to determine the fraction of the model 
volume that was contacted by the displacing fluid at 
breakthrough. This could be accomplished by noting 
the profile of the dyed flood front at the time it first - 
reached the production well and measuring the fraction 
of the model volume which had been invaded. Determi- 
nations of solvent breakthrough by observing the dyed 
fluids and by refractometer readings on the produced 
fluids were identical. Preliminary linear solvent floods 
indicated that the volumetric sweep efficiencies deter- 
mined from the flood-front profiles were equal to the 
“oil” production at breakthrough, expressed as a frac- 
tion of the initial oil in place. This indicates that under 
the conditions of the model tests there Was a negligible 
mixing zone between the injected and displaced fluids. 
In these model tests there was no visual evidence of 
“fingering.” 

For convenience in measuring sweep efficiencies the 
model water floods were designed such that there was 
no flowing oil behind the flood front. In the model 
water floods, the sweep efficiencies obtained from the 
flood-front profiles equaled the oil production to water 
breakthrough, expressed as a fraction of the total 
recoverable oil. This agreement substantiated that in 
these model tests which were made at mobility ratios 
below unity there was no flowing oil behind the flood 
front. 

Model flow tests were conducted at mobility ratios 
from 0.057 to 200, and at simulated reservoir liquid 
injection rates of from 2 to 30 B/D/ft of formation 
thickness or gas injection rates of from 0.1 to 1.0 


_Mcf/D/ft, at reservoir temperature and _ pressure. 


These correspond to ranges of mobility ratios and in- 
jection rates normally encountered in field water flood- 
ing, gas injection, and solvent injection operations. 


RESULTS AND DISCUSSION 


LIMITATIONS OF STUDY 

The following limitations apply to the model study 

reported here: 

1. The porous systems were completely liquid satu- 
rated, and therefore simulate reservoirs having 
no gas saturation prior to fluid injection. 

2. In the majority of the tests, sand bodies of 
uniform rock texture were studied. An exception 
was the model simulating a flat stratified forma- 
tion, having no resistance to flow between strata. 
Each of the strata were of uniform permeability. 

3. The study considers only the performance up to 
the time the injected fluid first breaks through to 
the producing wells. 


VERIFICATION OF SCALING CRITERIA 

Before the scaling criteria could be used with con- 
fidence, it was necessary to establish their validity. This 
could be accomplished by comparing the results of 
different model tests having the same values of the sca- 
ling groups. Such tests were made, using miscible liquids, 
or linear models constructed of unconsolidated sand 
(130 darcies), Torpedo sandstone (500 md), and Berea 
sandstone. The sample of Berea sandstone had micro- 
scopic bedding planes, resulting in a permeability of 
150 md parallel to the bedding planes, and 75 md 
normal to them. Six sets of comparative tests were 
made. Within each set of tests the values of R,, R,, and 
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R, were constant. Each set included one test each on an 
unconsolidated sandstone model, a Torpedo sandstone 
model, and a Berea sandstone model. The values of 
R,, the effective physical dimensions of the system, 
were 4 and 33. Three values of R,, 0.174, 0.745, and 
2.1 were used. Only one value of R,, 1.0, was studied 
in these comparative tests. As a consequence of the 
difference in permeabilities, the injection rates were 
adjusted so that within a given set of tests the term 
R, was the same for each of the different porous media. 

The volumetric sweep efficiencies for any given set of 
tests agreed to within + 2 per cent. In view of the 
wide range of permeabilities involved in these tests and 
the ranges of R, and R,, it was possible to conclude 
from the results that the scaling criteria developed for 
frontal drives were valid. 

To determine the validity of the scaling group, R., 
involving the capillary pressure gradient, numerous 
model water floods were made. In these flow tests, the 
values of R,, R,, and R, were held constant. The value 
of R, was varied from 0.6 to 1,000, that is over the 
range encountered in normal field operating conditions. 
R, was varied by changing the oil-water interfacial 
tension with the addition of alcohol. It was noted that 
in model waterflood tests involving uniform per- 
meability systems, variations in the value of R, had 
negligible effect upon sweep efficiency. This indicates 
that in many water floods of uniform permeability sys- 
tems, the capillary pressure gradient has a_ negligible 
effect upon the gross movement of the water. This also 
applies to the gross movement of gas in a gas injection 
operation. The results of these model water floods in 
which there were negligible capillary effects agree with 
those of miscible flow tests. This appears proper because 
it has been previously demonstrated’ that either miscible 
or immiscible floods yield identical area sweep effi- 
ciencies at breakthrough for the same mobility ratios, 
when capillary effects are negligible. 


UNIFORM LINEAR SYSTEMS 

The model flow tests on linear systems apply strictly 
to laboratory systems where there are no well effects. 
However the linear test results approximate those ex- 
pected for special field situations in which the flood 
progresses in a linear manner. 

Numerous experimental data were obtained at various 
values of the dimensionless scaling criteria, R,, R,, and 
R,. If the terms R, and R, are multiplied as a con- 
venience for correlating purposes, the result is 


AP, 
= 5 


It may be noted that the middle section of Eq. 5 has 
the dimensional form of the horizontal viscous pressure 
differential, AP,, divided by the vertical gravity pres- 
sure differential, AP,. However, the term AP,/AP, 
does not imply the ratio of actual pressure differentials 
as this term does not consider the varying horizontal 
pressure differential encountered with constant rate in- 
jection at mobility ratios other than unity. The product 
of R, and R, is termed (AP,/AP,),, in which the 
subscript / indicates a linear system. All the experi- 
mental data obtained over a wide range of R, and R, 
could be adequately correlated by the term AP,/AP,. 


Fig. 2 presents the volumetric sweep efficiency at 
breakthrough, E,., vs (AP,/AP,),, obtained from the 
results of model flow tests. On the basis of these results, 
it is possible to conclude that gravity effects which 
result in lower oil recovery are diminished by increased 
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injection rate. For a given injection rate there will be 
a lesser gravity effect in reservoirs having a high ratio of 
distance between wells to pay thickness and having 
decreased values of R,. 

The range of R, encountered in normal field water 
flooding operations is from 0.05 to 2.0; in gas drives, 
from 0.12 to 2.0. The values (AP;,/AP,), of interest 
in field water or gas injection projects range from 0.4 
to 60. In these ranges of R, and (AP,/AP.):, the 
volumetric sweep efficiencies at breakthrough are from 
20 to near 100 per cent in systems having uniform 
rock texture. If gravity effects are neglected in pre- 
dicting the performance of these systems, the oil 
recovery at breakthrough in field gas or water injec- 
tion projects may be as low as 20 per cent of that 
predicted. 

In field solvent injection operations, the values of R, 
between the oil and solvent range from 1.0 to 200, for 
example if the solvent is LPG or alcohol. The values of 
volumetric sweep efficiencies at breakthrough obtained 
in the simulated solvent floods covering this range of 
R, were from 5 to 90 per cent. It is emphasized that 
the data presented in Fig. 2 were obtained by model 
tests in which there was a negligible mixing zone 
between the oil and solvent. The factors which result 
in the formation of a mixing zone, possibly diffusion, 
pore size, pore size distribution, and/or length of travel, 
were not scaled in the laboratory experiments. The 
ratio of the mixing zone length to the length of the 
system in the model tests was appreciably smaller than 
that which is expected in field operations. The effect 
of the mixing zone length upon the volumetric sweep 
efficiency at breakthrough was not studied in detail. The 
volumetric sweep efficiencies obtained by exploratory 
model tests in which a mixing zone was established were 
in excess of those reported in Fig. 2. 


UNIFORM FIVE-sPoT SYSTEMS 

In the study of gravity effects in five-spot systems, 
only gas and water injection operations were simulated. 
In the previous section it was shown that, at break- 
through of the injected fluid into the production wells, 
the volumetric sweep efficiencies of uniform linear sys- 
tems were dependent upon the product of R, and R,, 
termed (AP,/AP,),. This expression must be modified 
to apply in a five-spot system. In such a system the 
linear rate of advance of the injected fluid decreases as 
it moves from the injection wellbore. The major por- 
tion of the fluid volume of a five-spot pattern exists 
midway between the injection and production wells. 
Therefore the representative linear velocity may be 
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selected as the average linear velocity midway between 
the injection and producing well, or 


Q 


in which Q is the volumetric injection rate, W is the 
width of a quadrant of the five-spot pattern midway 
between the injection and production well, and y is 
the formation thickness, W is also equal to the distance 
between injection and production wells. If this dimen- 
sion is also chosen as the representative length of a 
five-spot system, x, then 


Substituting Eqs. 6 and 7 into the expression for 
(AP;/AP,), the following expression results 


== Q (8) 


in which the subscript, fs, indicates five-spot system. 
While the dimensionless five-spot scaling group has the 
form of the ratio of horizontal to vertical pressure differ- 
entials, this expression cannot be interpreted in terms 
of actual pressure differences since neither mobility 
ratio effects nor the formation resistance about the 
wells is explicitly included. 

Fig. 3 presents the results of the model tests on 
uniform five-spot systems, expressed as the volumetric 
sweep efficiency at breakthrough vs the dimensionless 
_ scaling group, (AP,/AP.);.. The model tests were 
made at mobility ratios from 0.057 to 1.85, the range 
encountered in normal gas or water injection operations. 
The relationships defined by the experimental data are 
straight lines on this plot for each mobility ratio. It is 
of interest to note that this figure presents data from 
two different size models. The agreement serves to sub- 
stantiate the validity of the scaling group, (AP,/AP,) oe 


In five-spot systems, with no gravity effects, the 
volumetric sweep efficiency at breakthrough can_be less 
than 100 per cent due to the well atrangement. There- 
fore the volumetric sweep efficiency is not a measure 
only of the gravity effects in a five-spot system. The 
volumetric sweep efficiency with no gravity effects 
depends upon the mobility ratio and is equal to the 
areal sweep efficiency obtained in previous studies’, in 
which negligible gravity effects were present. By com- 
paring the sweep efficiencies shown in Fig. 3 with those 
expected with no gravity effects it may be seen that 
gravity effects can reduce the sweep efficiency to break- 
through to as low as 40 per cent of that expected with 
no gravity segregation. 

For normal field gas or water injection Operations, the 
values of (AP,,/AP,) ys USUally lie within the range from 
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0.2 to 16. Over this range in uniform systems, the 
actual oil recovery at breakthrough of the injected fluid 
can be from 40 to near 100 per cent of that predicted 
by methods which assume negligible gravity effects, 
Thus gravity effects can play an important part in the 
oil recovery obtained by injection operations in uniform 
formations. 


NON-UNIFORM FIVE-spot SysTEMs 


An infinite variation in non-uniform systems _ is 
possible. However, to illustrate the combined effects 
of gravity forces and variations in rock properties upon 
fluid segregation, the results of one series of flow tests 
are given. These tests were made using miscible liquids 
and therefore similate injection operations in which 
there are negligible capillary effects. A model composed 
of six strata, each of different permeability as shown 
in Table 1, was used. Although these permeabilities 
are much greater than those encountered in field opera- 
tions, the results of scaled tests on this system apply to 
any other system having the same relative range of 
permeability, e.g., 5.7 to 127 md. By inverting this 
model, either the most permeable or the least permeable 
stratum would be uppermost. 


The results of these flow tests having a mobility ratio 
of 0.745 are shown in Fig. 4, plotted as the volumetric 
sweep efficiency at breakthrough vs ( AP,/ Also 
shown in this figure, for comparison purposes, are the 
results of tests-with uniform five-spot systems. With no 
segregation of the fluids, due to either permeability 
variations or gravity effects, the volumetric sweep effi- 
ciency at breakthrough is 73.] per cent. With gravity 
effects present, the volumetric sweep efficiencies of 
uniform systems range from 29 to 73 per cent over the 
range of (AP,/AP,);. normally encountered in field 
operations. With only the effect of variations in rock 
permeability, the volumetric sweep efficiency of this 
model was 17.0 per cent. With the effects of both 
gravity and rock non-uniformities present, the sweep 
efficiencies ranged from 14.5 to 17.0 per cent. On the 
basis of this limited information, it may be concluded 
that in a non-uniform system, the breakthrough volu- 
metric sweep efficiency, and thus the oil recovery at 
breakthrough, may in some situations be affected to a 
greater degree by non-uniform rock characteristics than 
by gravity effects. 

The stratified model test results shown on the upper 
curve in Fig. 4 were obtained with the most permeable 
stratum uppermost, the lower curve with the least 
permeable stratum uppermost. In these tests the injected 
fluid was of greater density than the in-place fluid, thus 
simulating a water flood. With the most permeable 
stratum at the bottom, the injected fluid moved prefer- 
entially through this stratum due to both its higher per- 
meability and gravity effects. Thus the injected fluid 
reached the production well faster through only a 
portion of the horizontal section, resulting in a lower 
volumetric sweep. With the most permeable stratum 
at the top of the model, the gravity effects tend to 
counterbalance the tendency of the injected fluid to 
move through the upper, more permeable stratum. This 
results in a higher volumetric sweep efficiency at the 
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time of breakthrough to the producing well. However, 
as the value of (AP,/AP,);, increases, the gravity 
effects become less important, and the volumetric sweep 
efficiencies approach that for a situation in which there 
are no gravity effects. These test results indicate that 
the effect of gravity upon fluid segregation in a non- 
uniform system depends upon the permeability arrange- 
ment. Though not proven by these tests, it is reasonable 
to speculate that the magnitude of gravity effects also 
depends upon the permeability range of the systems. 


GRAVITY EFFECTS WITH VARIATIONS IN RATE 

The effect of injection rate upon segregation of the 
fluids due to gravity has been discussed earlier in this 
paper. In order to study the effect of variations in in- 
jection rate upon the volumetric sweep efficiency, water 
floods were made using a uniform five-spot model. The 
reservoir conditions simulated are shown in Table 2. 
Three operation schedules were studied: (1) continuous 
injection and production operations from the start of 
water injection to oil flood-out, with a simulated rate 
of 143 B/D per well; (2) intermittent operations, 
simulating 15 days operating and 15 days shut in per 
month, with a simulated rate of 286 B/D per well, each 
day of operation; and (3) intermittent operations, 
simulating alternate days of operation and shut in, with 
a simulated rate of 286 B/D per well, each day of 
operation. 

Considering the water injected on a monthly basis, 
the intermittent water floods operated in effect at the 
same rate of the continuous flood (Test 1). The oil 
recovery performance of all three water flouds was 
identical. These results indicate that the magnitude of 
segregation of the fluids due to gravity is influenced 
by the average water injection rate rather than day to 
day or week to week variations. 


SIGNIFICANCE OF GRAVITY EFFECTS IN 
FIELD OPERATIONS 

Model studies have indicated that when capillary 
effects are negligible, reduced injection and production 
rates can result in lower oil recovery to breakthrough. 
The magnitude of this rate sensitivity due to gravity 
effects is dependent upon the reservoir rock and fluid 
properties. The effect of gravity on oil recovery in 


TABLE 2—RESERVOIR CONDITIONS SIMULATED IN STUDY OF EFFECT OF 
RATE VARIATION 
10 acre Five-Spot Pattern 
Permeability — 50 md 
Formation Thickness — 55 ft 
Oil Viscosity — 1.55 cp 
Oil Density — 40°API 
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uniform texture reservoirs may be estimated from the 
correlations presented in this paper. In some non-uni- 
form reservoirs, gravity effects may have no practical 
effect on the oil recovery. However, segregation of the 
fluids due to gravity forces should be borne in mind 
when considering frontal-drive operations. 

The results of model studies of secondary recovery 
operations indicate that the oil recovery to break- 
through of the injected fluid to the production wells is 
rate sensitive. When capillary effects can be neglected 
the lower the rate, the lower is the oil recovery, regard- 
less if reduced rates are due to lower daily rates or 
intermittent operations. The magnitude of this rate 
sensitivity is also influenced by the permeability dis- 
tribution within the reservoir. It appears that the more 
uniform the reservoir rock texture, the greater is the 
magnitude of rate sensitivity. Insofar as actual reser- 
voirs are concerned, the possible influence of capillary 
effects must be considered, and each reservoir must 
be considered separately as to whether or not a varia- 
tion in range of practical rates will have a significant 
effect on oil recovery. 


CONCLUSIONS 


In the section entitled “Results and Discussion,” the 
limitations of this study were set forth. The following 
conclusions apply directly for the limited situations 
studied. For other situations, the results and conclusions 
can only serve as guides. 

1. In linear gas or water injection operations in flat 
formations of uniform rock texture, segregation of the 
fluids due to gravity effects can result in oil recoveries 
to breakthrough as low as 20 per cent of those other- 
wise expected. 

2. In five-spot injection operations, in flat uniform 
systems, the oil recoveries at breakthrough can be as 
low as 40 per cent of those predicted by methods which 
assume negligible gravity effects. 

3. In secondary recovery operations in stratified rock 
formations, the oil recovery at breakthrough may be 
affected to a greater degree by fluid segregation due to 
variations in rock properties rather than by gravity 
effects. 

4. The magnitude of segregation of the fluids due to 
gravity is influenced by the average injection rate, 
rather than day to day or week to week variations. 
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DISCUSSION 


F. M. PERKINS, JR. 
JUNIOR MEMBER AIME 


This paper represents a valuable contribution’ to 
knowledge regarding the flow of fluids in porous media. 
The authors have added a new technique for the 
scaling of flow in uniform anisotropic porous media. The 
extensiveness of the careful experimental investigations 
of displacements in uniform sands is particularly to be 
commended and provides valuable quantitative infor- 
mation demonstrating the importance of considering 


‘gravitational forces in frontal-drive operations. The 


study of miscible displacements in the stratified sand 
introduces data on a subject of widespread interest. It 
is believed, however, that the interpretations of the 
field applicability of results as expressed in this paper 
are valid only under very limited conditions and are 
apt to be misleading. é 

The authors conducted a series of displacement ex- 
periments in uniformly packed five-spot models from 
which they concluded that there is a large effect of 
injection rate on oil recovery at breakthrough of the 


displacing phase in secondary recovery operations. In 


particular, they showed in Fig. 3 that as the ratio of 
horizontal to vertical pressure gradients, (AP,/AP,) ,,, 
is increased the oil recovery at breakthrough increases 
until a critical value of ( AP,/AP,);, is reached, above 
which further increases in (AP,/AP,);, do not result 
in increased oil recovery. Although this is undoubtedly 
correct for their model, it is important to note that the 
indicated range of field operations in Fig. 3 is mis- 
leading. This can be illustrated by consideration of a 
field example. For instance in a reservoir having 10 ft 
thickness, 20 md permeability, 20 acre five-spot well 
spacing, an oil-water density difference of 15.6 Ibs/ft,’ 
and a mobility ratio of 0.3 (an oil viscosity of 1 cp), 
if the oil production rate is 45 B/D, the value of 
CNP AGP 57. However, it can be noted in Fig. 3 
that oil recovery at water breakthrough cannot be in- 
creased by increasing the rate at (AP,/AP,);, values 
greater than 10. This means that in the above example 
reservoir the oil production rate could be decreased to 
9 B/D before the gravitational forces would alter the 
oil recovery at water breakthrough. The fact that gravity 
segregation would be unimportant in many practical 
situations can be illustrated further by referring to 
Table 1 of this discussion. Here values of ASP, SP) 6 
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are shown for several values of permeability and forma- 
tion thickness for a production rate of 45 B/D. From 
inspection of Table 1, it can be seen that CAPA ane 
ranges from 0.47 to 117,000 with a majority of the 
values being greater than 10. 


The principal reason for increasing the range of 
practical field operations probably results from the use 
of smaller formation thicknesses than that used by the 
authors of the subject paper. Although there are un- 
doubtedly reasonably uniform formations with a thick- 
ness greater than 10 ft, it is believed that it is more 
realistic to assume 10 ft as a practical upper limit for 
purposes of estimating a range of operations. In forma- 
tions in which there is more than 10 ft of net pay, the 
formation is often heterogeneous and can either be a 
series of strata with different permeability with vertical 
communication, or a number of different strata without 
vertical communication. In actual reservoirs the mag- 
nitude of the vertical permeability may range from 
zero to a value approximating the horizontal permeabil- 
ity. Any reduction in the value of the vertical per- 
meability would have the effect of reducing the gravity 
segregation. 

In Fig. 4 are shown the results of some miscible dis- 
placement experiments in a five-spot having several 
layers of sand with different permeability and with 
vertical communication. Because these experiments were 
conducted with miscible fluids, the capillary forces 
which are operative in an immiscible displacement were 
non-existent. As a result, these experiments do not 
simulate waterflood or gas drive displacements. In water- 
flood experiments in water-wet, stratified formations 
with vertical communication, the effect of rate is oppo- 
site to that shown for stratified sands in Fig. 4. That is, 
an increase in injection rate will result in a decrease 
in oil recovery at water breakthrough until a critically 
high rate is reached, above which the oil recovery at 
water breakthrough will be independent of the injec- 
tion rate. In water-wet rocks the capillary forces cause 
water to imbibe into and expel oil from low permea- 
bility strata. At low rates of water advance, imbibition 
can occur sufficiently fast to maintain a uniform dis- 
placement front. Although imbibition also occurs at 
higher rates of water advance, a less uniform displace- 


JABLE 1—RATIO OF HORIZONTAL TO VERTICAL PRESSURE GRADIENTS 
FOR VARIOUS HORIZONTAL PERMEABILITIES AND 
FORMATION THICKNESSES 


Permeability Injection Rate, Q 45 B/D 
md Formation Thickness y 2) it 3 ft 10 ft 
Kz = 0.2 117,000* 52,000 4,700 
2 11,700 5,200 470 
20 (2) 1,170 520 47 
200 A Pol fs 117 52 47 
2,000 0.47 
*The values of (APn/APwv)ss are based on “ = 1.0 cp and Ap = 0.25 
gm/cc 


ment is obtained because imbibition does not proceed 
rapidly enough to maintain a uniform displacement 
front. If the different layers are not in vertical com- 
munication, the recovery will be insensitive to rate, 
except for rates sufficiently low that gravity forces are 
important in the most permeable sand. 

While discussing immiscible displacements in stratified 
sands, it is also important to point out that gas dis- 
placements and water displacements are not comparable 
in non-uniform, preferentially water-wet porous media. 
Water prefers to imbibe into the tightest sand, whereas 
gas preferentially collects in the more permeable sand. 
Because of this fundamental difference, the two types 
of displacements are not comparable in non-homo- 
geneous sand bodies. 

It was pointed out by the authors that the results 
and conclusions presented in the subject paper apply 
only to oil recovery at the time that the displacing 
phase breaks through into a producing well. At break- 
through the oil recovery may be small in the range of 
rates where gravity is important; however, a large part 
of the remaining oil may be produced at relatively low 


AUTHORS’ REPLY 


The theme of the discussion is expressed in the state- 
ment, “the interpretation of the field applicability of re- 
sults as expressed in this paper are valid only under 
very limited conditions and apt to be misleading.” The 
limitations as to field application are listed in the paper 
at the beginning of the section entitled Results and Dis- 
cussion and again pointed out in the section entitled 
Conclusions. 

F. M. Perkins, Jr., discusses three specific points: (1) 
the choice of the range of the ratio of viscous to gravity 
forces which can apply to field operations, (2) the ef- 
fects of capillary imbibition upon the gross movement 
of water from production to injection wells, and (3) 
that the results of the paper apply only to the perform- 
ance at the time the injected fluid breaks through at a 
producing well. 

Our comments on these points are as follows: 


1. Perkins claims that Fig. 3 of the paper shows that 
there is a critical value of the ratio of viscous to gravity 
pressure differentials above which further increases in 
this ratio do not result in additional increases in the 
breakthrough volumetric sweep efficiency. Although such 
a critical value would be expected to exist, considering 
areal sweep efficiency effects in five-spot pattern floods, 
Fig. 3 does not show this. He also claims that the 
range of field operations indicated does not include all 
values of this ratio encountered in field operations. This 
range was only presented as a guide. It is obvious that 
the value of the ratio of viscous to gravity pressure 
differentials would be calculated in any actual situation. 
It does not seem that enough field data have yet been 
presented to justify Perkins’ belief that it is realistic to 
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water-oil ratios. For instance, it was shown in a paper 
by Richardson and Perkins’ that in a linear, uniform 
model the oil recovery at water breakthrough was re- 
duced from 64.1 to 62 per cent volume when the rate 
of water advance was reduced from 0.1 to 0.047 ft/day. 
However, the oil recovery after injection of approxi- 
mately 0.8 pore volume of water was the same for the 
two rates of water advance. Thus, it is possible that 
the results of the subject paper overemphasize the prac- 
tical importance of gravity forces even in those situa- 
tions in which gravity segregation of oil and water sig- 
nificantly affects the oil recovery at water breakthrough. 

In summary, the results of experiments in uniform 
sands represent a valuable contribution to the literature 
concerning oilfield models. However, the implication 
that the results of these experiments are generally ap- 
plicable to field operations is misleading. In waterflood- 
ing non-uniform formations containing sand strata of 
different permeability in intimate contact, the effect of 
rate is the opposite of that noted during the miscible 
displacements conducted by the authors of the subject 
paper. Capillary forces cause an increase in the vol- 
umetric sweep efficiency as the rate is reduced, and in 
many formations, capillary effects may be more im- 
portant than gravitation effects. I agree with the authors, 
however, that each reservoir must be considered indi- 
vidually. 
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assume a formation thickness of 10 ft as a practical 
upper limit in field operations. 


2. Perkins comments that the experiments summar- 
ized in Fig. 4 do not simulate waterflood or gas drive 
displacements, since results of capillary forces are ab- 
sent. The presence of such forces cannot alter Conclu- 
sion 3 of the paper. It is not claimed that results pre- 
sented in Fig. 4 apply to all water floods or gas drives, 
but only those in which capillary forces may be in- 
significant. We believe a large portion of reservoir rocks 
exhibit only moderate wettability preference to either 
oil or water. The effects of capillary forces on the move- 
ment of injected water, as pointed out by Perkins, would 
be reversed in preferentially oil-wet rocks and are of 
importance only under strongly water-wet conditions. 
Actual detailed quantitative information on the lithology 
and the wettability preference of specific reservoirs is 
rarely, if ever, available. It is doubtful if, under these 
circumstances, generalization can be made on the ef- 
fects of capillary forces on the gross movement of in- 
jected water in waterfloods. 


3. Perkins’ conclusions about the effects of gravity 
upon the oil recovery after water breakthrough, are not 
pertinent to this paper which considers effects only to 
breakthrough. Results of limited tests on our models 
after breakthrough of the injected fluid indicate that the 
more severe the fluid segregation before breakthrough, 
the larger is the volume of injection water required to 
produce a given amount of recoverable oil. Since pro- 
ducing water-oil ratios economically determine the end 
of a flood, the effects of gravity segregation can result 
in lower ultimate oil recovery. tok 
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This paper presents a reservoir engineering analysis 
of the performance data for a waterflooding project in 
the Johnson Lease, South Ward field. This type of 
engineering analysis adds to the knowledge of the 
mechanics of water flooding. This study reveals that in 
general (a) high ultimate areal sweep-out efficiencies 
(95 to 100 per Cent) can be expected, and (b) cross- 
flow among strata of different permeabilities during the 


~fill-up phase can have an important influence on the 


behavior and should be dealt with in studying reservoirs 
for water flooding. The analysis further showed that 
the recovery predictions based on what was considered 
a consistent interpretation of core data and logs were 
low because little contribution was assumed from the 
low permeability, oil-bearing sand sections which have 
apparently yielded considerable waterflood oil. 

This project has yielded in excess of 244 times as 
much oil by water flooding as by primary depletion. 
These very favorable results were achieved without the 
use of any special injection well completion techniques. 
However, all of the low permeability material was in- 
cluded in the section open to injection despite its poor 
estimated primary yield. 


LEASE PERFORMANCE HISTORY 


The South Ward field lies in the southeast corner of 
Ward County near the southern tip of the tremendous 
Yates trend. Deposition of sand bodies along the sea- 
shore reefs during the latter part of the Permian period 
established what have turned out to be ideal conditions 
to form a great number of independent productive 
sands. Probably, these reservoirs in Ward and Winkler 
counties are providing operators with some of the 
nation’s richest sources of secondary oil reserves through 
the use of waterflooding techniques. 


In South Ward field water has been very success- 
fully used to flood oil from the Bennett sand occurring 
at a depth of about 2,300 to 2,400 ft. About 150 ft 
above the Bennett sand reservoir, the Grand Falls sand 
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produced gas from a large Cap extending over most of 
the field. 

The Atlantic Refining Co.’s 320-acre W. D. Johnson 
lease (Fig. 1) is on the northwest edge of the structure 
with only gas cap apparently present in the Grand Falls 
sand. The Bennett sand under this lease is oil produc- 
tive, however, having a gross sand thickness averaging 
about 80 ft with a net of 18 ft of fairly clean, highly 
permeable sand, and about 36 ft of oil-bearing sand 
with low permeability and high water saturation. The 
lower permeability sand is interbedded with numerous 
layers of lime, shale, and anhydrite. 

Radioactivity logs from 12 wells and cores from two, 
examples of which are shown in Fig. 2, reveal that the 
total Bennett sand pore volume is about 71,000 
bbl/acre. The estimated initial water saturation averages 
41 per cent in the 54 ft of sand considered to contain 
oil; thus, also considering an estimated 18 per cent oil 
shrinkage, the lease originally contained about 34,000 
bbl of oil per acre. Original pressure was probably 
about 1,400 psig. PVT correlations indicate that the 
reservoir fluid was originally saturated with gas. 

After discovery of the field in 1930, Atlantic com- 
pleted the first well on the Johnson lease in March, 
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1933. Development on essentially 20-acre spacing fol- 
lowed shortly with the lease having 18 producers by 
the end of 1934. Production was fairly constant from 
the lease until the end of 1937, when the lease had 
yielded about 1,300,000 bbl. By then, reservoir pressure 
had declined to about 250 psig and despite completion 
of 10 more wells the lease allowable could no longer 
be held. By 1948 the lease was considered no longer 
economically productive. Although no accurate tests 
were taken during these years, the gas-oil ratios ap- 
parently had risen considerably during the late 1930's 
then fallen again by 1948, characterizing the primary 
mechanism as solution gas drive. No appreciable 
amounts of water had been produced. The primary 
recovery from the lease by this mechanism finally 
reached 1,550,000 bbl, or about 4,850 bbl/acre. 
Buckles’ reported that the directly offsetting lease to 
the southwest, Forest-Standard of Texas, Gordon lease, 
gave up 4,056 bbl/acre by primary solution gas drive. 
The field as a whole, by this time, had yielded an 
average per acre primary recovery of 3,250° bbl so the 
W. D. Johnson lease probably contained some of the 
best pay development in the area. 

With the whole field essentially in a stripper state, 
Standard of Texas started water injection into four 
wells forming a 20-acre five-spot injection pattern on 
the D. B. Durgin lease in June, 1948. This pilot en- 
couraged all operators, and soon Forest developed an- 
other pilot water flood using six newly drilled injection 
wells to form two closed 10-acre five-spot patterns in 
the northeast end of the Gordon lease. Water injec- 
tion on the Forest project started in Aug., 1949. 

In the meantime, Atlantic engineers had examined 
the W. D. Johnson lease for water flooding and were 
convinced it should be started as soon as possible. 
However, before the recommended 20-acre five-spot 
pattern could be utilized effectively, it was necessary to 
clean out all the old wells and drill four new producers. 
Two of the old wells at injection locations had been 
plugged, and one was found to be unsuitable for in- 
jection and plugged at the time of the clean-out opera- 
tion. This required drilling three more new wells as 
replacements at the injection well locations. Two of 
these replacement injection wells were rotary cored 
using diamond bits and water-base mud. Rotary drill- 
ing was standard practice followed by cable tool clean- 
out after shooting on all wells. Standard completion 
techniques for injection wells were simple. A cemented 
liner was extended through the Grand Falls to isolate 
the Bennett sand. In the newly drilled wells the casing 
shoe was set at the top of the Bennett sand. 

Most producers were completed with the Grand 
Falls section open, making it vital_to pump the wells 
down to avoid oil loss to the gas sand. Water in- 
jection into wells No. 7, 8, and 15 began on April 16, 
1950. These injection wells formed three-quarters of 
a closed five-spot pattern around the No. 28 producer 
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in which pumping equipment was then installed. Total 
oil rate from the lease had at that time dropped to 
about 500 bbl per month. The reservoir pressure was 
down to 50 psig. After injection of about 75,000 bbl 
of water, two months later, wells No. 13 and 17 were 
added to the injection system, thus giving the lease 
three five-spot patterns closed on three sides. Injection 
wells No. 10 and 19A were added in the next two 
months while the two newly enclosed producing loca- 
tions, No. 29 and 30 were being drilled, and the No. 
27 well was conditioned for production. Then, in Feb., 
1951, another injection well, the newly drilled replace- 
ment well No. 12A was added to the system. Total in- 
jected water volume had then reached over 875,000 
bbl. By July when the next three injection wells, No. 
3, 6, and 22A, were placed in the system, the first 
noticeable increase in production had already occurred. 
During March, April, and May all four of the first 
reconditioned producing wells, No. 27, 28, 29, and 30, 
had rapidly started to increase production. The remain- 
ing five injection wells, No. 1, 4, 9, 14, and 20, needed 
to complete the 20-acre five-spot injection pattern, were 
on injection by the end of September. Offset operators 
had agreed to lease-line cooperation, so that at this 
time the lease was under full scale, 20-acre, closed 
five-spot flood. 

Injection water has been supplied from five fresh 
water sand wells about 280 ft deep. A closed system 
for handling this water was installed with the idea that 
produced water from the Bennett sand could be treated 
with lime and chlorine, settled, filtered, and reinjected. 
This treatment later proved inadequate to remove iron 
sulfide formed by sulfate-reducing bacteria in the Ben- 
nett sand. Produced water could not be reinjected with- 
out seriously plugging injection wells. The performance 
of injection well No. 13 (Fig. 3) is typical of the be- 
havior generally followed by the injection wells. The 
severe drop in injectivity to the low of 150 BWPD 
during Jan., 1952, reflects the plugging effect of iron 
sulfide. The return to the February level resulted from 
acidization to remove the plugging material. With the 
exception of the plugging incident, it is noteworthy that 
the decline is typical of that expected for an injection 
well during flood of a primary-depleted reservoir. 

First water breakthrough occurred when the No. 21 
well started showing an increasing water cut in Sept. 
1951. This was apparently water from only one off- 
setting injection well. Significant water production in- 
creases did not start until about the first of 1952. By 
this time, all of the lease producing wells had shown 
increases in oil rate, and the lease had already pro- 
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duced almost 400,000 bbl of waterflood oil. The water 
cut continued its rise as expected, and so also did the 
oil rate increase until it had reached a peak of about 
5,000 B/D in April, 1952, 

Since then the rate has declined while the water cut 
has been increasing. Now, the lease js producing at a 
rate of about 500 B/D with an average of a little over 
90 per cent water. Waterflood recovery from the lease 
has been about 3,800,000 bbl during injection of some 


tion. Whereas, frequently, operators by the rule of 
thumb might have expected secondary reserves of about 
the same as primary recovery, this lease has yielded 


waterflood oil over 214 times the primary recovery. 


ANALYSIS OF FLOODING RESULTS 


BANK SIzE 


A comparison of the size of the oil bank as shown 
by the oil bank fill-up during the flood to that which 
can be demonstrated by laboratory experiment and cal- 
culation is the first important comparison. This gives the 
Operator the first indication of the reliability of his 
waterflooding predictions. The size of the oil bank 
to be formed depends upon the initial oil in place at 
the start of the flood and the residual oil left by water. 
It is always difficult to define each of these. In obtaining 
core samples for study, the coring operation usually 
permits some additional production; imbibition of drill- 
ing fluids occurs and wettability conditions may be 


_altered. In spite of these difficulties it is necessary to 


Measure and calculate the initial and final conditions 
of a flood. 

On this lease the initial oil in place was determined 
by subtracting the oil produced by natural depletion 
under gas drive from the initial in-place oil. Cores 
were taken in two offsetting injection wells, 19A and 
12A. Porosity and permeability measurements were 
made every 3 in. A portion of the cores was used in 
determining irreducible water by restored-state tech- 
niques. An analysis of these core data showed the 
reservoir to be stratified with a wide variation in prop- 
erties. By averaging in series the properties of each 
core plug with those of the adjacent cores, smoothed 
core property profiles were obtained. These are illus- 
trated in Fig. 2. ; 

Correlation of these profiles with radioactive logs and 
the presence of oil in the cores Suggested that these 
two wells could give a fair Tepresentation of the net 
pay and of the variability in core properties. 

For convenience in analysis, the pay interval was 
considered to be represented by four groups of prop- 
erties which appeared to correlate to some extent from 
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well to well. These groups are described in Table 1. 

One zone is very thick and of low permeability. This 
material is scattered above and below the main pay 
interval. It probably contributes little oil recovery in 
the early performance of the flood. However, appre- 
ciable oil probably flows from the zone later in the 
producing life. The principal pay is shown as Groups 
B, C, and D. This main interval is, itself, stratified 
and it will be of interest to see if the flood has ad- 
vanced along the permeability distribution as it is 
frequently assumed to do in waterflood analyses, 

The pay as described by the properties of Table 1 
had an in-place oil prior to its natural depletion’ of 
34,260 bbl/acre. During natural depletion (solution 
gas drive) 4,870 bbl of oil were produced per acre. 
At the start of the water flood we therefore had in 
place 29,390 bbl/acre. 

The distribution of the oil in place at the start of 
the water flood among the groups is important. If 
much of it resides in the low permeability (high capil- 
lary pressure material) less recovery might result than 
would be expected if more of it were in the high per- 
meability material. For this lease the oil in place at the 
start of the water flood was considered to be distributed 
in such a manner as to yield an equal flowing gas-oil 
ratio in each zone. This distribution is most probable 
because the capillary forces are small. The oil satura- 
tions required were obtained from gas-oil relative per- 
meability curves run on core samples selected to repre- 
sent each group. The oil saturations at the start of the 
water flood range from 35 to 51 per cent in going from 
low to high permeability. The in-place oil at the start of 
the water flood for each zone is shown in Table 1. 


The residual oil left to water in each zone must also 
be determined in arriving at the size of the oil bank. 
The very low oil saturations found in the core resulted 
from the flushing by mud filtrate followed by rapid 
pressure reduction in the core barrels and were not 
considered representative of the true residual by water 
flooding. Residual oil to water was determined by flood- 
ing small core samples and by determining water-oil 


TABLE 1—PROPERTIES OF FOUR SAND GROUPS, JOHNSON LEASE, 
SOUTH WARD FIELD 


(Permeability of Zone A = 1 md) 
Total 
(where 
(Groups) appro- 
A D priate) 
Thickness (ft) 36 5 8 5 54 
Porosity (per cent) 14 20 24 25 
Permeability (specific 
liquid) (md) 1 33 83 150 
Interstitial water saturation 
(per cent) 57 33 24 17 
Original oil in place in 
each zone (STB/acre) 13,900 4,300 9,390 6,670 34,260 
(per cent of total) 4] 13 27 19 100 
Oil saturation at start of water 
flooding (per cent) 35 48 51 51 
Gas saturation at start of 
water flooding (per cent) 8 19 25 32 
Oil in place at start of water 
flooding (STB/acre) 13,400 3,670 7,460 4,860 29,390 


Average oil saturation in 

waterflooded region at 

breakthrough (per cent) 33 37 36 33 
Average oil saturation in 

waterflooded region at 

three pore volumes 


throughput (per cent) 31 30 27 22 
Irreducible oil saturation to 

water flooding (per cent) 30 27 23 16 
Mobility in solution gas 

drive depleted region (cp-1) 13 13 13 13 
Mobility in oil bank 

(gas saturation = 0)(cp-1)0.22 0.22 0.22 0.22 


(oil viscosity = 5 cp) 
Mobility in water-swept 

region (cp-1) 0.31 0.31 0.31 0.31 
Oil bank size (Ao») at oil 

bank breakthrough 

(gas saturation = 0) 

(fraction) 0.22 0.37 0.36 0.36 


water. oil and water producing 
histories (Fig. 4) present a striking comparison of the 
effectiveness of the water 
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relative permeability relationships. The core of the first 
well proved to be weakly water wet in the laboratory 
as measured by imbibition tests. The core of the second 
well was tested at the well site immediately upon re- 
moval from the core barrel and confirmed the interme- 
diate wettability. Laboratory floods were conducted 
on unextracted cores (fresh) and on extracted cores. 
The intermediate wettability remained after extraction. 
The laboratory flooding data and relative permeability 
curves gave fair agreement in residual oil. 

The water-oil relative permeability relationships were 
obtained on cores to represent all groups except A. 
The cores used possessed the proper porosity, permeabil- 
ity, and connate water to represent the groups. The 
flooding character of Group A is somewhat uncertain 
as it was obtained by correlation with permeability. The 
oil saturation remaining behind the water front at 
water breakthrough and the oil saturation remaining 
now after the injection of about three pore volumes 
of water through each zone are shown in Table 1. 

The size of the oil bank formed in any given layer 
is defined by the following equation. This equation 
holds for uniform porosity and thickness with no oil 
production during fill-up. 

hd (Si, — Soi) = As ho (Sor — Sor) 
The size of the oil bank defined as a fraction of the 
total-liquid-invaded area (water-swept area plus oil 
bank area) is 

Alig = = 

The size of the oil bank at fill-up per unit area flooded 
in each layer is illustrated schematically in Fig. 5. This 
assumes that all free gas present at the start of the 
water flood is either displaced ahead of the oil bank 
or redissolved. Only small pressure changes are re- 
quired to redissolve the gas in low pressure reservoirs. 
In this flood a pressure change of 15 psi across the oil 
bank is sufficient to redissolve all of the residual gas. 
This small pressure change surely exists in the water- 
swept region and in the trailing part of the oil bank 
but probably doesn’t in the leading part of the oil bank 
until oil bank breakthrough occurs. Therefore, a small 
average gas saturation probably exists in the oil bank 
up to oil bank breakthrough. 


Or BANK FILL-Up 


The amount of water which was injected in the field 
in achieving oil bank breakthrough is not equal to that 
which can be calculated from the size of the oil bank 
formed in each layer. The sweep-out pattern that 
develops and stratification of flow in the presence or 
absence of crossflow will also materially influence the 
amount of water required to achieve oil bank break- 
through. These factors must also be analyzed. 


The reservoir is stratified in permeability. If cross- 
flow is present the oil bank will completely invade the 
five-spot at oil bank breakthrough. An earlier discussion 
presented model data to show that a favorable mobility 
ratio* across the oil bank front would yield this result.’ 
The mobility ratio across the oil bank front for this 
flood was calculated to be 1/60. A complete invasion 
of the five-spot by the oil bank front would be expected 
at oil bank breakthrough. The principal pay interval has 
a fivefold variation in permeability. If the low perme- 
ability material is included, the pay would have a 
150-fold variation. The degree of actual crossflow can- 
not be predicted from laboratory measurements; it can 
be determined only from the field performance because 


286 


of the questionable degree of communication among the 
zones. 

Employing the expected saturation changes and 
sweep-out pattern at oil bank breakthrough, the engi- 
neer can examine the behavior to be expected with and 
without crossflow. In the absence of crossflow, the 
position of the water and oil front that would be 
expected is illustrated in Fig. 6. The positions were cal- 
culated by distributing the injected water between the 
layers as a function of the kk,,h product and the oil 
bank position in each. This procedure has been described 
in an earlier discussion.’ 

The volume of water required to achieve oil bank 
breakthrough for this case of no crossflow, and a 6 
per cent residual gas saturation present as a free phase, 
is about 130,000 bbl per 20-acre five-spot. 

If crossflow is present, the oil bank in the most per- 
meable zones flows across into the least permeable 
zones. The mobility of the depleted region ahead of 
the oil bank is generally so favorable that with unre- 
stricted crossflow the oil bank front moves uniformly 
in all layers. The water front, however, tends to move 
in a non-uniform manner. The positions of the oil and 
water fronts at oil bank breakthrough for this case are 
shown in Fig. 7 for the same gas saturation as indi- 
cated above. 

The mobility of the oil bank and water-swept regions 
are nearly equal for this particular flood, consequently, 
the water front for this case can be positioned as a func- 
tion of kk,,h. The amount of water required to achieve 
oil bank breakthrough for crossflow would be 208,000 
bbl. 

An examination of the performance of the center five- 
spots shows that an average of about 160,000 bbl of 
water was required for oil bank breakthrough. This 
volume of injected water is an important check point 
in comparing field performance with calculations. If 
crossflow occurred among Zones B, C, and D, but not 
into or out of Zone A, a check at this point can be ob- 
tained by considering that some residual gas was re- 
dissolved but 6 per cent gas saturation remained in the 
oil bank. Isolation of Zone A, which would prevent its 
participation in crossflow, is indicated by core data and 
logs. The water front and oil front positions for this 
case are illustrated in Fig. 8. 

These conditions which lead to a check of field per- 
formance at oil bank breakthrough can now be used to 
predict total performance history as a function of water 
throughput volume. 


WATER BREAKTHROUGH 


The behavior of a balanced five-spot in terms of the 
volume injected at oil bank breakthrough can be re- 


mobility behind front 


*Mobility ratio = — 
mobility ahead of front 
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analyzed for correctness when water breakthrough oc- 
curs. The volume of water Tequired can show the ef- 
fective stratification in the movement of water through 
the reservoir. It can also reconfirm the areal sweep- 
out pattern, the size of the oil bank, and lend support 
to any prediction of ultimate recovery. 

In the flood of this lease all injection wells were not 
placed on injection at the same time. The center wells 
8.015, 13; 17; and 10) preceded the edge wells 
by five months, while lease-line cooperation on the 
edge injection wells was being obtained. As a result 
of this, one injection well in each five-spot was added 
late. This did not alter the radial movement of the oil 
bank front before oil bank breakthrough. However, this 
unbalanced condition significantly influences the volume 
of injected water required to show water breakthrough. 
For example, between the time oil bank breakthrough 
and water breakthrough a volume of water was in- 
jected into the three injection wells which was roughly 
four times that of the oil produced. A disproportionate 
volume of water was flowing into the area not filled 
with an oil bank. The first appearance of water in the 
center producers would then be expected to occur at a 
larger volume of water injected than that calculated for 
a balance five-spot. On the other hand, water should 
then appear in the edge producing wells at something 
less than that calculated for a balanced flood. If the 
amount of injected water required to give water break- 
through varies around that calculated, the analysis of 
the reservoir might again be interpreted as being con- 
firmed. The amount of water injected around each well 
is compared in Fig. 9 to that calculated for the average 
balanced five-spot. The agreement is good and yields 
additional support to the analysis, . 

In calculating the volume of injected water required 
for first water breakthrough an areal sweep-out pattern 
efficiency of 84 per cent was used for the zone yielding 
first water breakthrough. The mobility ratio between 
the water-swept region and the oil bank is calculated 
from the relative permeability curves for the mean 
saturations and the oil and water Viscosity to be 1.4. 
Laboratory model studies of a water flood of a depleted 
reservoir reported in an earlier publication showed this 
areal sweep-out pattern at first water breakthrough for 
this mobility ratio. 


ULTIMATE RECOVERY 


After water breakthrough, the producing water cut 
as a function of the cumulative water injected can re- 
confirm the previous analysis. In addition, it can indi- 
cate the oil flow from the Swept region, the enlarge- 
ment in the water areal sweep-out pattern after water 
breakthrough. It can also Jend Support to a prediction 
of ultimate recovery. 

The behavior to be expected after water breakthrough 


WATER ATER 
INJECTED INJECTED 
INJECTION PRooucTion PER 20 ACRE INJECTION Proouction PER 20 ACRE 

ZONE (Mbbls.) ZONE (MbbIs.) 
A 8 A 7 
8 27 8 18 
87 Cc 68 
D 86 D 67 
Total — 208 Total — 160 
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was predicted for the average five-spot. The oil flow 
from the oil bank portion of each layer was determined 
from model data reported earlier. To this was added 
the oil flow from the water-swept portion. Oil flow from 
this region was approximated by considering the water- 
invaded portion to be represented by a linear-flow sys- 
tem. Oil flow-from the water-swept portion for this 
assumption can be calculated from relative permeabil- 
ity curves by the Welge* modification of the Buckley- 
Leverett procedure. 

The average five-spot performance under balanced 
conditions was used to derive an approximate lease 
performance curve by staggering the production from 
the individual five-spots with time in accordance with 
the unbalance shown by the variation in time of water 
breakthrough. The sum of these individual five-spot per- 
formances leads to the lease performance curve. The 
predicted behavior of the lease is compared in Fig. 10 
to the actual behavior (permeability of Zone A taken 
as 1 md). However, the calculated recovery is much 
too low. 


It would seem inconsistent that too low an ultimate 
recovery is calculated after matching the points of fill- 
up and water breakthrough. There are two feasible 
explanations for this lack of agreement at ultimate re- 
covery: (1) the permeability and porosity assigned to 
Zone A may be too low, and (2) residual oil in Zones 
B, C, and D may be less than that used in the calcula- 
tions. It is probable that the assigned, series-average 
permeability of Zone A is much lower than the actual 
value. Averaging in this manner has the advantages of 
smoothing the data to more nearly represent actual con- 
ditions, only provided that the zone is fairly uniform 
and clean with no incidence of shale or other low per- 
meability material. While this is true of Zones B; C, 
and D, it is not the case with Zone A. The low per- 
meability Zone A contains many interspersed layers of 
very low permeability rock. This means that a better 
representation of the true permeability could be as 
much as 10 times the value used. Furthermore, the first 
explanation is the better because it is very doubtful that 
such a drastic reduction of oil saturation as required 
by the second explanation is possible after water break- 
through without its being present in the laboratory flood 
tests on fresh cores. 


When a tenfold change in the permeability of Group 
A was used, essentially a match in all three major points 
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(the fill-up, the water breakthrough, and the ultimate 
recovery) was obtained. The calculated behavior for 
this higher value of permeability in Zone A is shown in 
Fig. 10. The properties of the four zones for this case 
are shown in Table 2. 

One other major indication is provided by the lease 
performance. The high recovery definitely establishes 
that ultimate areal sweep-out pattern efficiency must 
necessarily be very near 100 per cent.’ With any sig- 
nificantly lower efficiency, no adjustment can be made 
in zone permeability, crossflow, or residual oil which 
will permit a match with actual performance. 

The change in the water composition after break- 
through is also of interest. The movement of interstitial 
water ahead of the injected water is a well-established 
phenomenon reported in the literature.” A comparison 
of the measured composition with that predicted, as- 
suming the movement of the interstitial water, can also 
give confirmation to stratified flow and sweep-out pat- 
tern development. The average water composition of 
several wells shows good agreement in Fig. 11 with that 
predicted for the average five-spot. 


CON 


1. Water flooding the W. D. Johnson lease in South 
Ward field has proved to be a very successful sec- 
ondary recovery operation yielding more than 2% times 
as much oil as was recovered by the primary mechanism 
—solution gas drive. 

2. The high recovery resulting from the water in- 


TABLE 2*—-PROPERTIES OF FOUR SAND GROUPS, JOHNSON LEASE, 
SOUTH WARD FIELD 


(Permeability of Zone A = 10 md) 


Total 
(where 
(Zones) appro- 
A B Cc D priate) 
Thickness (ft) 36 5 8 5 54 
Porosity (per cent) 18 20 24 25 
Permeability (specific 
liquid)(md) 10 33 83 150 
Interstitial water satura- 
tion (per cent) 42 33 24 17 
Original oil in place in 
each zone (STB/acre) 24,100 4,300 9,390 6,670 44,460 
(per cent of total) 54 10 21 15 100 
Oil saturation at start of 
water flooding (per cent) 45 50 55 57 
Gas saturation at start of 
water flooding (per cent) 13 17 21 26 


Oil in place at start of 

water flooding 

(STB/acre) 22,300 3,820 8,060 5,430 39,610 
Average oil saturation in 

waterflooded region at break- 

through (per cent) 37 37 36 33 
Average oil saturation in 

waterflooded region at three 

pore volumes throughput 

(per cent) 31 30 27 22 
Irreducible oil saturation 

to water flooding 

(per cent) 2 29 27 23 16 
Oil bank size (Aos) at oil 

bank breakthrough 

(gas saturation = 0) 


(fraction) 0.38 0.43 0.48 0.48 
*Mobilities are same as in Table 1 
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jection program establishes that ultimate sweep-out pat- 
tern efficiency is near 100 per cent. About 75 per cent 
of the waterflood oil recovery was produced after 
water breakthrough. 

3. Where distinct zoning of rock properties exists in 
a depleted reservoir, fluid interchange from one to an- 
other of these zones, or crossflow, can have an appre- 
ciable effect on waterflood performance. An attempt 
must be made to account for this crossflow among 
zones in order to predict the volume of injected water 
necessary to reach oil bank breakthrough and water 
breakthrough. At present, complexities of crossflow 
make model techniques the most feasible way to solve 
this problem. 

4. Johnson lease behavior is adequately described 
by considering that four definite zones exist with cross- 
flow occurring only: among the three most permeable 
during the fill-up phase of injection and with about 
6 per cent free gas still undissolved in the oil bank at 
oil bank breakthrough. 

5. If sizeable zones of relatively low permeability ma- 
terial are present in the reservoir, they must be included 
in “net pay” for water flooding even though estimates 
show that they probably contributed little net recover- 
able oil during primary depletion. 


NOMENCLATURE* 


A,, = oil bank area 
A, = water-swept area 


A,, = fraction of liquid-invaded area occupied by oil 
bank 

S,:; = oil saturation at start of water flooding 

S,, = oil saturation in water-swept region 

S.» = oil saturation in oil bank 

fraction of pattern swept by water 
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Density Logging with Gamma Rays 


AB RIVET 


An improved method of logging 
formation density has been developed 
in which the formation is bombarded 
witha collimated beam of gamma 
rays. By means of a scintillation de- 
tector and pulse height discriminator, 
the gamma-ray energy band is ac- 
cepted and recorded which corre- 
sponds to deepest penetration into the 
formation. Laboratory tests on a 
field tool revealed no borehole diam- 
eter effect for smooth holes and no 
effect of formation chemistry, except 
insofar as chemistry affects density. 
In extensive field tests, the density 
log has exhibited satisfactory agree- 
ment with core measurements and 
has correlated accurately with other 
logs. 


RODUCTION 


This paper describes an improved 
method of logging formation density 
by means of back-scattered gamma 
rays to penetrate the formation to- 
gether with energy discrimination to 
select only that energy (or fre- 
quency) range corresponding to 
deepest penetration into the forma- 


Original manuscript received in Society of 
Petroleum Engineers office on June 12, 1957. 
Revised manuscript received Sept. 12, 1957. 
Paper presented at Fall Meeting of Southern 
California Petroleum Section in Los Angeles, 
Oct. 17-18, 1957. 

*Caldwell and Sipple have independently 
experimented with a method of gamma-ray 
density logging using collimation and energy 
discrimination. (Paper presented at the Sym- 
posium on Nuclear Technology in the Petro- 
leum and Chemical Industries, American 
Chemical Society Meeting, Miami, April 
7-12, 1957). 
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tion. This method of density logging — 


was developed at the La Habra lab- 
Oratory of California Research 

Field instruments have been built 
and tested by McCullough Tool Co. 
and commercial service has begun in 
some areas. All of the data dis- 
cussed here were obtained for the 
original field tool. 

The density log can be a valuable 
adjunct to existing logs because of 
its use in determining porosity quan- 
titatively. It is useful also in connec- 
tion with seismic and gravity surveys 
where formation density information 
is of interest. 


PHYSICAL PRINCIPLES 


The intensity, 7, of a beam of 
gamma rays after traversing a dis- 
tance, x, in an absorbing medium is 
given by 

I= I1,e° 
where J, is the intensity of the beam 
entering the medium and a the at- 
tenuation constant or macroscopic 
cross section of the medium for 
gamma-ray absorption. 

The macroscopic cross section de- 
pends on the number and types of 
atoms per unit volume and the gam- 
ma-ray energy. In brief, it is the 
sum of the atomic cross sections of 
all atoms per cubic centimeter. The 
density of the material is the sum of 
the masses of all atoms per cubic 
centimeter. Thus, the density and the 
macroscopic cross section for gam- 
ma-ray absorption vary in propor- 


tion to the number of atoms per 
cubic centimeter. 


The density of the material in- 
creases, of course, if the atomic masses 
increase without a change in the 
number of atoms per cubic centi- 
meter. When the density increases 
in this latter way, the macroscopic 
cross section increases also, but dis- 
proportionately. This results from 
the fact that part of the gamma-ray 
absorption arises from the photo- 
electric effect and the pair-produc- 
tion effect**, which are proportional 
to the sixth and to the second power, 
respectively, of the atomic number of 
the absorber. The remainder of the 
absorption results from the Compton 
effect, and is directly proportional to 
the atomic number, 

The gamma rays that undergo 
Compton scattering are not immedi- 
ately absorbed. Since these rays are 
scattered in all directions, a fraction 
will emerge from the face of the 
medium at which they entered. If a 
gamma-ray shield is placed between 
the source and detector, most gam- 
ma rays reaching the detector will be 
those scattered out of the medium. 
The intensity will depend on ab- 
sorption and scattering inthe medium, 
and so indicates the density of the 
medium. 

For gamma rays for which Comp- 
ton scattering prevails, the intensity 


**Wor discussion of the photoelectric effect, 
pair production, and Compton scattering, 
see Halliday, Introduction to Nuclear Physics, 
2nd Ed., John Wiley & Sons, Inc., New York, 
1955. 
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is very nearly an exponential function 
of density. This is true for gamma- 
ray energies of the order of a few 
hundred kilovolts if the absorber is 
sedimentary rock. 


TOOL DESIGN 


The intensity of gamma rays re- 
flected from the medium indicates 
an average density along the path 
traversed, not the density at the point 
from which they are scattered. In 
logging it is important to maximize 
the portion of the path lying in the 
formation. In the Cal Research-Mc- 
Cullough log, this is achieved by 
using collimation and discrimination. 

Fig. 1 presents a schematic draw- 
ing of the tool. A back-up spring 
holds the sonde in contact with the 
formation and the gamma-ray source 
and detector are nearly surrounded 
by a shield of heavy metal. Colli- 
mators in the shield direct a beam 
of gamma rays into the formation and 
accept a beam backscattered from 
the formation. The shield prevents 
radiation from reaching the detector 
directly and also from reaching the 
detector by traversing the drilling 
fluid via the “back side” of the hole. 
Virtually only the gamma rays pass- 
ing through the two collimator open- 
ings are detected. 


Even with the shielding as de- 
scribed, some gamma rays, by pro- 
cesses of multiple scattering, reach 
the detector after traversing a dis- 
portionate amount of drilling fluid or 
filter cake. Such gamma rays are 
eliminated from the log by energy 
discrimination made possible by the 
use Of a scintillation detector. The 
gamma rays detected have a con- 
tinuous spectrum, and an electronic 
discriminator is adjusted to accept 
from this spectrum only the energy 
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band that has been found experi- 
mentally to correspond to the deepest 
penetration and hence give the most 
accurate density measurement. 


Studies to determine optimum 
shield geometry and energy range 
were made with laboratory devices 
in concrete blocks and other arti- 
ficial formations of different densi- 
ties. A logging tool for field use was 
then built by McCullough, and the 
tests reported here were made on 
that tool. 


LABORATORY TESTS 


The original field tool was tested 
in borehole geometry in artificial for- 
mations to determine: (1) the sensi- 
tivity of the signal intensity to den- 
sity changes, (2) the depth of pene- 
tration or effective depth of meas- 
urement, (3) the effects of changes 
in borehole diameter, (4) the effects 
of mud cake and hole roughness, and 
(5) effects of changes in chemical 
composition of the formation. Arti- 
ficial formations of various composi- 
tions were used. The logging tool was 
placed in the artificial borehole in 
logging position, as illustrated in Fig. 
1, and the log response to the for- 
mation was recorded. The formations 
were of sufficient height and diam- 
eter to prevent edge effects; no sig- 
nificant number of gamma rays was 
“lost” (an exception occurred for the 
set of formations used for the pene- 
tration tests, where it was desired to 
lose some of the gamma rays). 

Fig. 2 shows the log response in 
counts per minute in several arti- 
ficial formations with different hole 
diameters, without drilling fluid. The 
formations designated by numbers 1 
to 5 were concrete blocks having 
6-in. holes, and densities of 2.67, 
2.60, 2:38, 2.32; and 2.20 em/cc. 
The density was controlled in con- 
struction by the addition of iron 


TABLE 1—DESCRIPTION OF CONCRETE BLOCKS 


Density Sand/cement 
Block gm/cc ratio Hole Size (in.) 
A 1.96 no sand 10.5 
B 2.26 1:1 10.5 
2.06 8.5 
D 2.09 4:1 12.5 
E 2.10 4:1 10.5 


chips to the concrete. The formations 
designated by the letters A to E were 
concrete blocks whose density was 
controlled by varying the sand/cement 
ratio (no gravel was used). Table 1 
shows the composition, density, and 
hole size of these blocks. 

Formations of unconsolidated 
materials were made by using a tank 
in which a borehole of 8-in. diameter 
was defined by a thin iron pipe (a 
correction to the log response was 
made for gamma-ray absorption in 
the pipe). The artificial formations 
used in the tank were as follows. For- 
mation G consisted of a coarse 98 
per cent silica gravel, bulk density 
1.53 gm/cc. Formation S was made 
by adding a silica sand to Formation 
G. By vibrating the tank with a 
small air hammer, the sand was made 
to flow into the large pore spaces of 
the gravel. The bulk density was 1.97 
gm/cc. Formation W was made by 
adding water to Formation S, giving 
a bulk density of 2.16 gm/cc. 


In the figures the vertical error 
marks on the points indicate an error 
or a spread in values which was 
largely due to inhomogeneities in the 
artificial formations (the inhomo- 
geneity effect was determined by 
placing the logger in different radial 
positions around the hole). Small 
errors were introduced by poor con- 
tact, which appeared more of a prob- 
lem in laboratory measurements than 
in actual logging. Statistical errors 
were insignificant. Although some 
points appear to be in sizeable error, 
only two points depart from the cali- 
bration line by more than 2 per cent 
on the density scale. 
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According to the discussion on 
physical principles, signal intensity is 
an exponential function of density. 
Thus, the logarithm of signal in- 
tensity should be linearly related to 
density, and such is indicated by 
Fig. 2 to within the accuracy of the 
measurements. The sensitivity curve, 
or Calibration curve, is thus a straight 
line on a semi-log plot. 

Within the margin of error, points 
for formations of rather widely dif- 
fering chemical compositions fit the 
same calibration curve. This indicates 
that the log is not affected by forma- 
tion chemistry except to the extent 
that chemistry changes result in den- 
sity changes. 

Blocks C, D, and E had essen- 
tially the same composition and the 
same density, but hole diameters of 
12.5, and 10.5 in., respectively. 
Formations 1 to 5 had hole diameters 
of 6 in. If any significant hole size 
effect had been present, points for 
Formations C, E, and D would have 
shown a consistently increasing de- 
parture from the calibration line 
established by Blocks 1 to 5. The 
fact that no such consistent depar- 
ture is found indicates that no sig- 
nificant hole diameter effect is pres- 
ent in a smooth hole (see also Fig 3). 

The results shown in Fig. 2 are 
for runs in dry holes. Fig. 3 shows 
measurements taken in some of the 
formations with the holes filled with 
a drilling fluid having weight of 96 
Ib/cu ft (1.54 gm/cc). Some reduc- 
tion in counting rate was found be- 
cause of attenuation in the drilling 
mud of gamma rays escaping from 
the back side of the shield. Since 
these gamma rays are not wanted, the 
presence of drilling fluid improves 
the log. No significant change in the 
slope of the calibration curve was 
observed to result from the addition 
of drilling fluid. 

“Penetration” refers to the depth 
in the formation from which the 
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gamma rays are scattered. This depth 
was measured in concrete blocks 
with 6-in. boreholes and with walls 
sufficiently thin to permit the escape 
of a portion of the gamma-ray beam. 
The results of the measurements are 


shown in Fig. 4. In blocks with— 


thicker walls more volume is pro- 
vided for scattering gamma rays back 
to the detector. The counting rate 
thus increases with increasing wall 
thickness. Once a wall thickness of 
about 6.5 in. is reached, no further 
increase in counting rate is found, 
indicating that practically none of 
the gamma rays utilized for the log 
escape through this thickness. The 
thickness at which 50 per cent of the 
full signal intensity is obtained is 
arbitrarily defined as the “penetra- 
tion depth”. This distance is about 
2.8 in. in Fig, 4. 

The volume for which density is 
sampled lies along the path of the 
gamma rays from the source colli- 
mator to the detector collimator, be- 
cause absorption of the beam occurs 
along this entire path. If the sonde is 
not in close contact with the forma- 
tion, either because of mud cake or 
caving, the log response (counting 
rate) is erroneously high because 
attenuation in the mud or mud cake 
is less than in the formation. The 
effect of mud or mud cake was 
studied in one of the artificial forma- 
tions by using sheets of neoprene 
(density 1.32 gm/cc) to separate the 
logging sonde from the formation. 
The counting rate obtained with dif- 
erent thicknesses of neoprene was 
converted to indicated density by 
reference to Fig. 2. The density 
measurement thus obtained is re- 
ferred to as the “apparent density”. 
The true density was 2.36 gm/cc, 
which is the apparent density for no 
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DICATED BY Density Loc as a Funcrion 
or Mup Tuicxkness. (A) Expert- 
MENTAL Curve For Neoprenr REPRESENT- 
A Mup Cake or Density 1.32 cm /Ccc. 
(B) CatcuLatep Curve ror Mup CAKE 
Density 1.84 em/cc. Formation 
Density 2.36 cm/cc. 


mud cake. With a neoprene thickness 
of % in., the log indicated a density 
of 2.23 gm/cc, in error by 0.13 
gm/cc or about 5% per cent. In 
Fig. 5 the per cent error in the indi- 
cated density is plotted against neo- 
prene thickness. Curve B in Fig. 5 
indicates, on the basis of theoretical 
calculations and the neoprene re- 
sults, per cent error for a mud cake 
of density 1.84 gm/cc. The results 
with the neoprene mud cake show 
the importance of good contact in 
density logging. If a mud cake of 
thickness greater than % in. is in- 
dicated by wall resistivity logs or 
caliper logs, a correction to the den- 
sity log should be made using curves 
such as those in Fig. 5. Recent field 
logs indicated much less effect for 
mud cake than would be indicated 
by mud cake thickness as recorded 
by auxiliary logs. Presumably, much 
of the cake was scraped off the 
borehole wall. 

In summary, in the laboratory 
tests the log measured the density 
of artificial formations to an accuracy 
of about + 2 per cent regardless of 
hole size or formation chemistry, 
provided only that the sonde was in 
contact with the formation. 


FIEUD) TESTS 


At the time of this writing, the 
density log has been run in many 
wells. Detailed studies of its perform- 
ance, particularly in comparison with 
measurements on cores, have been 
made for several runs and some of 
them will be presented below. 

Fig. 6 shows a section of the cali- 
per log, MicroLog, density log, and 
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self-potential and resistivity logs 
through a sand-shale sequence in a 
California well. Points of special in- 
terest are the very hard, dense 
streaks, each about | or 2 ft thick. 
These are identifiable on all the logs. 
On logs in other wells through sand- 
shale sections, the density log showed 
clearly thin shale stringers in the 
sands and thin sand stringers in shales 
corresponding to very small fluctua- 
tions on the SP curve. Good density 
log measurements are difficult in the 
soft and caving sections found in 
many California wells, but even in 
those areas the density log runs gave 
additional information. needed for 
electric log interpretation and in mak- 
ing sand counts. 


Fig. 7 shows a portion of the den- 
sity log and other logs in a carbonate 
section in West Texas. The results of 
core porosity measurements are 
shown plotted against depth to form 
a “core porosity log’’. Excellent 
agreement is found among the logs 
and the core porosity log. A more 
quantitative comparison will be pre- 
sented later. 


Fig. 8 shows the density log and 
other logs in a carbonate section in 
Manitoba. The core log shows the 
results of density and porosity meas- 
urements on cores. Both the neutron 
log and the density log agree with 
core measurements in the non-argilla- 
ceous section. In the sections indi- 
cated as being argillaceous, the den- 
sity log continues to agree with the 
core measurements, whereas the neu- 
tron log no longer shows agreement. 
Similar performance was observed 
for a log in the shaly sand sections 
of the Pembina field in Alberta. 


Fig. 9 shows logs in an upper sec- 
tion of the same well. Of interest are 
the dense anhydrite section, between 
1,925 and 1,950 ft, and several 
washed out zones in which the den- 
sity log gives anomolously high read- 
ings. Note that all of the washed out 
zones are shales, as indicated by the 
gamma-ray log. A study of caliper 
logs on many wells has shown that 
for consolidated rocks usually only 
shales wash out; other formations 
give holes very nearly to gauge. 

A more quantitative comparison 
of density log data with core data 
is shown in Figs. 10, 11, 12, and 13 
where log reading is plotted against 
core measurements. The customary 
adjustments were made to correct 
for differences in indicated depths 
before plotting Figs. 7, 8, and 9, but 
even if the depth correlations are 
perfect considerable differences be- 
tween log and core measurements re- 


292 


sult from sampling differences. The 
“correct” value of a measurement 
may be different for the core sample 
and the log sample. 

Fig. 10 shows a plot of core den- 
sity vs log response for Well B, 
referred to in Fig. 8. Core measure- 
ments were made on whole cores, the 
samples being 6 to 12 in. long. Each 
core measurement is plotted against 
the log reading corresponding to its 


depth. The log reading was averaged 
over the length of the core. Referring 
to Fig. 8, it is seen that an apparent 
improvement in the correlation be- 
tween the core measurements and 
the log could have been made by 
smoothing the two curves, thus elim- 
inating the finer fluctuations. 

The statistical error lines shown 
in Figs. 10, 11, 12, and 13 are stand- 
ard deviations for counting rates 
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averaged over an interval of 6 in. 
These statistical error curves indicate 
that statistics contributed substan- 
tially to the log errors. A higher 
counting rate or a slower logging 
speed would have reduced this error. 
Error due to mud cake was probably 
small and nearly constant, thus not 
contributing to the spread of points. 
The major cause of point spread, 
other than statistical error, is un- 
doubtedly the difference in sampling. 

Fig. 11 shows a plot of core den- 
sity vs density log response for a well 
located about a mile from the one 
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referred to in Fig. 10. The results 
are essentially the same as in Fig. 
10. The log response, or counting 
Tate, is lower in Fig. 11 because of 
differences in the gain and discrim- 
inator settings. 

Fig. 12 is a similar plot for the 
West Texas well of Fig. 7. Here, 
however, the core porosity is used 
instead of core density. Porosity is 
equivalent to density only when lith- 
ology is constant and only in that 
case should it be compared with the 
density log, because the bulk density 
measured by the log depends on 
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grain density as well as porosity. 
Even so, an acceptable agreement be- 
tween porosity and density log re- 
sponse is found. This has an impor- 
tant bearing on the possibility of cali- 
brating the density log directly in 
terms of porosity for a given area. 
Unfortunately, in this particular run, 
the counting rate was set too low, 
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giving a correspondingly large sta- 
tistical error. Fig. 13 shows the re- 
sults of a commercial neutron log 
run on this well (the log is shown 
in Fig. 7). The neutron log gave 
good results in this well; it was aided 
by the low porosity, which gives rise 
to a high counting rate for the neu- 
tron log, and by a smooth hole. 

The porosity measurements used 
for comparison with log measure- 
ments were of the whole-core type. 
Core plugs of the conventional-type 
(1-in. diameter by 1-in. length) later 
were taken from the cores of the 
West Texas well, and porosity meas- 
urements were made on the plugs. 
The plugs were chosen by appear- 
ance to be representative of the core 
sample. A plot is shown in Fig. 14 
of the plug porosity against the 
porosity of the whole-core sample 
from which the plug was taken. 
There seems to be a consistent dis- 
agreement between the two sets of 
measurements. The two sets were 
made by different laboratories and 
the plug measurements were made 
several weeks after the whole-core 
measurements. More important for 
the present discussion is the scatter 
of points, which must be due to sam- 
pling. This scatter equals that of the 
plot of core measurements vs density 
log readings. 

In summary, in field tests the den- 
sity log correlated well with other 
logs, and where comparison with 
cores was possible the log gave den- 
sity and porosity results in acceptable 
agreement with core data, even in 
argillaceous zones. 


CALIBRATION AND 
INTERPRETATION 


Log response is converted to den- 
sity by the use of calibration curves 
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such as those shown in Figs. 2 and 
3 which show log response or count- 
ing rate vs density for artificial for- 
mations in the laboratory, or Figs. 
10 and 11 which show log response 
vs core density in actual wells. Ac- 
cording to the laboratory results, one 
absolute calibration or conversion 
curve should apply to all wells, pro- 
vided only that all pertinent condi- 
tions of the logging equipment such 
as amplifier gain and discriminator 
settings are duplicated. Neither hole 
diameter nor formation chemistry 
significantly affects the relation be- 
tween log response and formation 
density. We anticipate that a univer- 
sal calibration curve will be estab- 
lished, once routine commercial serv- 
ice is available. Probably an indi- 
vidual calibration curve will be used 
for each field tool. 


Porosity and density are related 
by the equation, 


which, when solved for ¢ gives 


Po = Po 
Po Pr 


where p, is the bulk density (meas- 
ured by the density log), p, is the 
grain or mineral density, p, is the 
density of the fluid filling the pores, 
and ¢ is the porosity, expressed as 
a fraction. The porosity calculation 
requires, in addition to the log meas- 
urement, a knowledge of grain den- 
sity and fluid density. The fluid den- 
sity can usually be assumed to be 
unity. Only in an uninvaded gas 
zone will this assumption cause an 
appreciable error. 


The grain density is the average 
density of the minerals composing 


the rock. The major mineral consti- 
tuents are usually known. It is not 
necessary to know minor constituents 
for two reasons: (1) density is a 
statistical or average property so the 
effect of each constituent is propor- 
tional to its abundance, and (2) all 
major sedimentary rock types have 
grain densities varying only over a 
range of about 10 per cent. For ex- 
ample, the density of quartz is 2.64 
gm/cc; calcite, 2.71 gm/cc; and 
dolomite, 2.85 gm/cc. It also has 
been found empirically that for 
rocks of a given type the porosity 
and bulk density are linearly related 
(D. H. Davis, Journal of Geology, 
Jan., 1954, 62, 102). Thus porosity 
can be determined readily from den- 
sity either by using the formula or a 
family of curves of porosity vs den- 
sity for different lithologies (only five 
or six curves would be necessary). 
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Extensive laboratory and field tests 
have been carried out on a method 
of density logging with backscattered 
gamma rays in which the gamma 
rays enter the formation in a colli- 
mated beam, and only the backscat- 
tered gamma rays in a limited energy 
range are counted. These processes 
of collimination and discrimination 
insure that mainly deep-penetrating 
gamma rays are used. In the labora- 
tory tests, density measurements on 
artificial formations in borehole ge- 
ometry were made to an accuracy of 
+ 2 per cent. Formation chemistry 
affected the log response only through 
its effect on density. No hole diameter 
effect was found for smooth holes. 
Mud cake and borehole roughness 
can cause considerable error by sep- 
arating the sonde from the forma- 
tion. These sources of error are not 
expected to be serious in logging be- 
cause of the smoothness of hole in 
formations of interest, and the fact 
that mud cake thickness can be 
measured and corrected for if neces- 
sary. 

In field tests the density log cor- 
related accurately with other logs, 
and the agreement between density 
log data and core data was very sat- 
isfactory. The interpretation of the 
log is unambiguous in regard to den- 
sity and porosity determination. In 
addition, it provides a new type of 
information not given by other logs 
because it responds to a formation 
property different from those that in- 
fluence other logs. 
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ABS TRA OT 


This paper describes a technique which permits visual 
observation of oil displacement processes throughout the 
interior of a porous structure as thick as 2 in. A model 
having glass walls is filled with finely powdered “glass. 
Such a model becomes completely transparent if the 
powdered glass pack is saturated with an oil having the 
same refractive index as the glass. When water or gas, 
with a refractive index different from that of the oil 
(glass) is injected, the model becomes opaque in the 
space occupied by the water (gas). Visual observation 
and photography of these displacement processes are 
thus rendered possible. 

The following processes have been studied: (1) dis- 
placement of oil by water (linear drive) in a homo- 
geneous formation and in a Stratified formation, (2) 
water flooding (five-spot well pattern), (3) solution gas- 
drive process, and (4) oil-bank formation. 


ENT RODUCTION 


Most of the scaled model experiments heretofore 
carried out in the Koninklijke/Shell Laboratorium, 
Amsterdam, have been done in. steel containers, in 
which oil-saturated sand packs represented the oil- 
bearing formation. In such experiments, for instance 
those on the displacement of oil by water, the cumu- 
lative oil production was measured as a function of 
the cumulative water injection. 

In order to interpret the measured production data, 
a need has for some time been felt for a means of 
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observing visually what happens in the course of such 


experiments. 


Some information of this kind was obtained earlier 
by observing the water-oil distribution in various cross 
sections of the sand after the conclusion of the experi- 
ment.’ However, the technique used did not guarantee 
that the fluid distribution remained undisturbed. More- 
over, the procedure was somewhat elaborate and the 
information obtained limited. Therefore a new tech- 
nique has been developed, which is described below. 


DESCRIPTION OF EXPERIMENTAL TECHNIQUE 
AND APPARATUS 


Glass models simulating part of an oil reservoir are 
filled with ground Pyrex glass of a specific grain size, 
representing the porous structure of the prototype. 

Before an experiment is started, the porous formation 
has to be saturated completely with an oil having 
exactly the same refractive index as the Pyrex glass 
powder. All light-scattering surfaces of the glass grains 
become invisible and the formation is then transparent. 
If the oil is displaced by another fluid (e.g. by water in 
a water-drive experiment, or by gas liberated from the 
oil in a solution gas-drive experiment) the formation 
becomes opaque in the region where the oil is expelled 
from the rock.* 

The back of the apparatus is painted black and illum- 
ination is from the front; therefore, in the photographs 
of the experiments, the oil-bearing formation appears 
black, whereas the water- or gas-invaded areas are 
white. 


“This idea was proposed by N. Schwarz, Koninklijke/Shell Labora- 
torium, Amsterdam. Almost the same principle has been used by 
Steber and Marsden for a different purpose. 
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The experiments were carried out in three different 
models. 

1. The linear water-drive experiments were done in 
a rectangular model with a length of 18 cm, a height 
of 9 cm and a width of 2 cm. 

Two sides of the model contain chambers which are 
shielded from the pack by fine-mesh screens. At the 
top and the bottom of these chambers a side tube is 
connected. Before starting a displacement experiment, 
the oil in the chamber at the inflow side is replaced by 
the displacing fluid through the above-mentioned side 
tubes. With this precaution the displacing liquid enters 
the formation over its entire cross section. 

2. The second model used simulates part of an oil 
field drilled according to a five-spot well pattern. It 
consists of one injection well in the center of the 
apparatus surrounded by four producing wells at the 
corners. The distance between the central well and the 
other wells is 9 cm. The height of the formation is 
1 cm. 

3. The solution gas-drive experiments were carried 
out in a cylindrical tube (length 50 cm, diameter 3 cm). 
At both ends of the tube there are chambers, separated 
from the glass pack by screens. Before a solution gas- 
drive experiment is started, the oil is removed from 
these chambers. The pressure in both chambers is then 
decreased simultaneously below the bubble point of the 
oil. 


G 


The scaling of the experiments was carried out 
according to the principles outlined by Croes, Geertsma, 
and Schwarz,’ i.e., besides geometrical scaling also the 
important forces are scaled. To realize this the ratio 
of the viscous forces, the ratio of the gravitational 
force and the viscous force, and the ratio of the capil- 
lary force and the viscous force have the same values 
in prototype and model. 

In Table 1 the properties of the model used in the 
water-drive experiments are compared with the corre- 
sponding conditions in the prototype. 

In Table 2 the same is done for the five-spot flood- 
ing model. In the case of the solution gas-drive process 
it was not possible to scale all the relevant parameters 
correctly. 

The similarity groups had the following values: 


Apgk 
= 1 and 80 respectively; 
oV/k 
= 0.47; 
Up. h 
TABLE 1—SCALING OF LINEAR WATER-DRIVE EXPERIMENTS 
Prototype Model 
Layer thickness h 10m 9 cm 
Formation length L 20 m 18 cm 
Permeability k 5 md 60d 
Oil viscosity jo 0.5 and 40 cp 1 and 80 cp 


Water viscosity pw 0.5 cp 

Interfacial tension o 40 dynes/cm 
Displacement velocity u 2.7 X 10-8 cm/sec 
Density difference Ap 0.13 g/cm? 

Time 1 year 


lcp 
40 dynes/cm 

1.67 X 10-2 cm/sec 
0.13 g/cm? 
46 seconds 


TABLE 2—SCALING OF THE FIVE-SPOT EXPERIMENTS 


Prototype Model 
Layer thickness h 10m lcm 
Well distance L 90 m 9 cm 
Permeability k 


arme 60d 
Oil viscosity wo 3 and 240 cp 


Water viscosity ww 
Interfacial tension o 
Maximum injection rate 


6 md 
0.5 and 40 cp 


0.5 cp 3 cp 
35 dynes/cm 3.5 dynes/cm 


per well iw 100 m3/day 11 3/mi 
Density difference Ap 0.13 g/cm® 
Time 1 year 20 seconds 
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The similarity groups were: 


ApgkL* 
Mo /uy,, = 1 and 80 respectively: 
late 
RESULTS 


DISPLACEMENT OF OIL By WATER (LINEAR DRIVE) 

In the first two experiments the influence of the 
viscosity ratio on the displacement efficiency of a linear 
water drive was studied. 


EXPERIMENT IA 


VISCOSITY RATIO = 1, HOMOGENEOUS FORMATION 


The photographs shown in Fig. 1 illustrate the results 
of the experiment. Oil-saturated “sand” is black, water- 
invaded “sand” is white. In the pictures the progress 
of the flooding is characterized by the values of N, 


and W, indicated. 


It is clear that at this low value of the viscosity 
ratio the water/oil interface is not unstable and that oil 
is displaced with great efficiency, hence the recovery 
at the moment of water breakthrough is very high (85 
per cent of the pore volume). After water breakthrough 
the water cut increases rapidly. In the experiment a 
water cut of 98 per cent (assumed economic limit 


= = 85% 


Fic. 1—Expertment 1A. Lincar WATER-DRIVE Process, 
LL 
1, Homocenrous Formation. 
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Fic. 2—Expertment 1B. Linear WATER-DRIV 
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value) was reached after the injection of 15 pore vol- 
umes. The ultimate recovery was then 88 per cent, 


EXPERIMENT 18 
bo 

The photographs of Fig. 2 clearly illustrate the fact 
that the originally straight oil/water interface is un- 
stable at this viscosity ratio. Water invasion occurs in 
the form of well-defined fingers. This phenomenon is 
called “viscous fingering.” Obviously a considerable 
part of the oil is by-passed as a consequence of this 
fingering effect, Owing to the fact that the photographs 
are necessarily a two-dimensional projection of a three- 


VISCOSITY RATIO = 80, HOMOGENEOUS FORMATION 


dimensional phenomenon, the by-passing effect is partly - 


obscured in the pictures, for oil can be hidden in front 
of and behind the water fingers. By comparing the 
fraction of the water-occupied surface on the pictures 
with the appropriate values of the produced oil it 
becomes clear that the amount of hidden oil is quite 
substantial in this experiment. 

As a consequence of the fingering effect a much 
smaller fraction of the oil is produced at the moment 
of water breakthrough (12 per cent) than in the 
former case. After breakthrough the production of oil 
goes on for a considerable period of time, decreasing 
but slowly. 
~ As may be seen from a further inspection of the 
photographs, oil production after breakthrough is first 
mainly due to the growth in the flow direction of the 
fingers already formed. After these fingers have reached 


_the~outflow end, the last oil is produced by an increase 


in thickness of the existing fingers. Attention is further 
drawn to the boundary region of the water fingers and 
the oil. This boundary region consists of water pro- 
trusions into the oil. These protrusions appear to be 
practically immobile with respect to the flow direction. 

After injection of seven pore volumes of water the 
same economic limit of the water cut as in the former 
experiment was reached. The ultimate oil recovery 
was 53 per cent. 

The two following experiments were carried out in 
a stratified formation, i.e., a formation consisting of two 
layers of different permeability in direct contact. 


This was realized by first filling the lower half of 
the linear model with powdered glass having a per- 
meability of 10 darcies. After vibrating the apparatus, 
the closely packed formation was wetted in order to 
keep the glass grains in position, while the upper half 


N= 53%: W. 
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of the apparatus was filled with glass powder having 
a permeability of 60 darcies as before. 


EXPERIMENT 2A 
Ho 

Fig. 3 shows that oil production is at first mainly 
obtained from the top layer; it is not until later that 
the bottom layer starts to contribute appreciably. The 
striking phenomenon in this case is the fact that the 
two layers are not producing independently of each 
other. Nearly all water observed in the bottom layer 
entered via the top layer, whereby relatively large 
amounts of oil are trapped in the bottom layer. Con- 
sequently the displacement efficiency is unfavorably 
affected. This may also be seen from the following 
production data: recovery at water breakthrough 50 
per cent (instead of 85 per cent as in the homogeneous 
layer); ultimate recovery 64 per cent (instead of 88 
per cent). 


VISCOSITY RATIO 


= |, STRATIFIED FORMATION 


EXPERIMENT 2B 
Mo 
The same formation as in the former experiment was 
used. The course of the displacement process is illus- 
trated by the photographs of Fig. 4. Oil is displaced 
from the top~layer at a higher rate than from the 
bottom layer. As in the case of a single layer of uniform 
permeability the phenomenon of viscous fingering is 
observed. An interesting fact is that there is almost 
no flow of water across the boundary between the two 
layers. (Of course this does not mean that there is 
no cross-flow of oil.) In comparison with the single- 
layer case it was found that breakthrough recovery is 
considerably lower (6.6 per cent instead of 12 per 
cent), whereas the ultimate recovery is far less affected 
(47 per cent instead of 53 per cent). 
The results of these four experiments have been 
collected in Table 3. 


VISCOSITY RATIO 
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TABLE 3—-OIL RECOVERY AND CUMULATIVE WATER INJECTION IN PER 
CENT OF THE PORE VOLUME 
Ho Ho = 80 
hw Mw 
Homo- Homo- 
geneous Stratified geneous Stratified 
formation formation formation formation 


Breakthrough recovery 85 50 12 6.6 
Ultimate recovery (at 98 per cent cut) 88 64 53 47 
Ultimate cumulative water injection 

(at 98 per cent) 150 250 700 700 


21%; = 146% 
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FIVE-SPOT FLOODING 


EXPERIMENT 3A 


VISCOSITY RATIO £2. = 80, FIVE-SPOT FLOODING 

Lew 
The photographs of this experiment are presented 
in Fig. 5. Again the process of viscous fingering is 
observed, but this time the path of these fingers is along 
curved lines going from the inflow well towards the 


producing wells. 


The black lines from well to well in the photographs 
are the stream lines for the single fluid-flow case as 
calculated by Hurst.’ The significant fact now presents 
itself that the viscous fingers precisely follow the path 
of these single phase flow lines. 

At the moment of water breakthrough water fingers 
have penetrated into the greater part of the five-spot 
volume, leaving four small areas between the producing 
wells where the oil saturation still has its original value. 
After breakthrough the size of these areas decreases 
further, and after injection of half a pore volume of 
water they have almost disappeared. 


Five-spot recovery data were found to be almost 
identical with those of the linear drive experiments for 
the same viscosity ratio. In comparing the data it should 
be kept in mind that the accuracy of the measure- 
ments with these small models is never better than 
+ 2 per cent of the pore volume. 

The recovery figures of this experiment were: break- 
through recovery 11 per cent (instead of 12 per cent in 
the linear drive); ultimate recovery 55 per cent (instead 
of 53 per cent in the linear case). 


EXPERIMENT 3B 


VISCOSITY RATIO 2 = 1, FIVE-SPOT FLOODING 
The photographs of this experiment (Fig. 6) clearly 
show the shape of the swept area at different moments, 


varying from circular to square and then to the well- 
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Fic. 6—Experiment 3B. Five-spor Froopinc, —~ = 1. 


known pattern at the moment of water breakthrough. 

This time the black lines in the pictures represent 
the theoretical water/oil interfaces at different stages 
_ 19: 

The shape of the water-invaded area differs from 
the theoretical one in the later stage of the experiment. 
This is explained by the fact that owing to the residual 
oil saturation in the water-invaded area the relative 
permeability for water is there somewhat reduced. This 
makes the mobility ratio smaller than one, which is 
known to give rise to a greater areal sweep efficiency, 
e.g. at the moment of water breakthrough. 

Oil recoveries are: breakthrough recovery 68 per cent 
(instead of 85 per cent for the linear drive); ultimate 
recovery 85 per cent (instead of 88 per cent for the 
linear case). 

The recoveries obtained with five-spot flooding are 
compared with the linear drive recoveries in Table 4. 


of the flooding process (mobility ratio 


SOLUTION Gas DRIVE PROCESS 


The sand pack in the tube was filled with a live oil, 
ie. an oi! saturated with gas (propane) at bubble 
point p, = latm absolute. Oil viscosity was 200 cp; so- 
lution-gas/oil ratio ca 50 and permeability 60 darcies. 
At the beginning of the experiment the pressure at both 
sides of the tube was lowered to the final pressure 
p; = 0.14 atm absolute. Gas is then liberated from the 
oil inside the formation, displacing part of the oil. 


EXPERIMENT 4A 


OIL viscosity 200 CP, SOLUTION GAS DRIVE 
In the beginning of the experiment (Fig. 7) gas was 


TABLE 4—OIL RECOVERY IN PER CENT OF THE PORE VOLUME 


Ho Hho 
=] 
Lic ee 
linear five-spot linear five-spot 
Breakthrough 85 68 12 11 
Ultimate 88 85 53 55 
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‘berated from the oil at both ends of the tube. Small 
gas fingers grew opposite to the direction of the flow 
of both oil and gas. 

Attention is drawn to the fact that no isolated gas 
bubbles were formed in the central region of the tube 
in this experiment. All the gas liberated was in com- 
munication with the outflow ends. This mechanism 
(without the existence of isolated gas bubbles) will be 
denoted as “Mechanism 1.” At the moment when both 
gas areas touched each other the cumulative oil pro- 
duction was circa 17 per cent. The whole tube then 


Fic. 7—Experiment 4A. Sotution Gas-pRIvE Process, Mrcn- 
ANISM 1, Ort Viscosity 200 cp. 


Fic. 8—Expertment 4B. Sotution Gas-priveE Process, Mecit- 


Anism 2, Ort Viscostry 200 cp. 
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primary recovery. 


Fic. 9—Experiment 5. Formation, Viscosrry 


er: 


appeared white owing to the gas liberated. However, 
depletion still went on until the cumulative oil pro- 
duction was 30 per cent. 


Z EXPERIMENT 4B 


The same experiment was repeated with one modifica- 
tion. The tube was vibrated at the beginning of the 
experiment. Owing to the vibration gas was liberated 
throughout the tube in the form of small isolated gas 
bubbles (Fig. 8). Superimposed on this gas-bubble for- 
mation the same process as in the former experiment 
took place, viz., the growing of gas fingers opposite to 
the flow direction. This combined process of fingering 
and gas-bubble formation was called “Mechanism 2.” 

The main difference between Mechanism 1 and 
Mechanism 2 is their different production rate. In the 
case of Mechanism 2 oil was produced three times as 
fast as in the case of Mechanism 1. 

Attention is drawn to the fact that it may not be 
concluded from these experiments that both Mech- 
anisms actually occur in natural reservoirs. 


OIL-BANK FORMATION 


EXPERIMENT 5 


To illustrate the formation of an oil bank in a sec- 
ondary recovery operation, a depletion experiment was 
followed by the injection of water. The scaling of this 
experiment is identical to that of the straight water 
drive. 

A solution gas-drive experiment, carried out in the 
linear model with a live oil having a viscosity of 1 cp, 
resulted in a primary oil recovery of 37 per cent. The 
apparatus had then turned white over almost its entire 
surface area (Fig. 9). Upon water injection both oil 
and gas were displaced. The pressure rose and part of 
the gas dissolved in the oil. A region where the oil 
saturation is almost 100 per cent (the oil bank) was 
pushed ahead of the injected water. The oil bank is 
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visible in the pictures because the sand pack there be- 
comes transparent, revealing the black backing of the 
apparatus. Owing to its low viscosity the oil in the oil 
bank was displaced very effectively by the injected 
water. This secondary recovery operation resulted in 
an additional oil recovery of 50 per cent of the pore 
volume. The total of primary and secondary recovery 
thus amounted to 87 per cent of the pore volume. 


CON CLE US 


1. The technique developed for making water and 
gas invasion in an oil-bearing formation visible is a 
useful means of obtaining fundamental information on 
multiphase flow in porous media. 

2. The water-drive process is very efficient at low 
oil/water viscosity ratios in uniform sands only. In 
stratified sands with interconnected layers of different 
permeabilities this efficiency is greatly reduced owing 
to the trapping of oil in the less permeable layer. 

3. At high oil-to-water viscosity ratios the recovery 
of oil is adversely affected as a consequence of the 
phenomenon of viscous fingering. In this case the effect 
of stratification is comparatively small. 


4. The viscous fingers in a five-spot flooding experi- 
ment follow the path of the single fluid-flow stream 
lines. Under the investigated conditions, production his- 
tory and ultimate recovery in five-spot flooding did not 
differ appreciably from those in a linear drive at a 
high viscosity ratio. 

5. In five-spot flooding at a viscosity ratio of one 
smooth fronts are obtained which correspond to a great 
extent with the theoretical fronts for single phase flow. 


6. In laboratory solution gas-drive experiments two 
different mechanisms may occur owing to the fact that 
under certain conditions separate gas bubbles are 
formed in front of the gas fingers growing from the 
producing end. The occurrence of these gas bubbles 


largely increases the production rate in the experiment. 

7. Water injection in a depleted oil-bearing forma- 
tion causes the formation of an oil bank in which the 
oil saturation approaches 100 per cent if the oil vis- 
cosity is low. 


NOMENCLATURE* 


W, = dimensionless cumulative amount of water in- 
ee jected in per cent of the pore volume 
N, = dimensionless cumulative oil production in per 
cent of the pore volume (recovery) 
N,» = primary recovery 
ps — Secondary recovery 


Ap = density difference between water and oil 
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DISCUSSION 


F. M. PERKINS, JR. 
JUNIOR MEMBER AIME 


This paper presents a description of an interesting 
and useful technique which permits visual observation 
of a “displacement front” throughout the volume of a 
flow model. There is, however, one limitation that 
seriously restricts the utility of this technique for use 
in studies of oil recovery by water displacement. This 
limitation is that the wettability of dry glass beads 
which are first saturated with oil may not represent a 
wettability of any practical interest. Experience has 
shown that results obtained on water floods on such 
systems are not the same as those on preferentially 
water-wet systems which initially contain connate water. 

As mentioned in the discussion by Leach, et al,’ the 
wettability of dry sand or glass surfaces which are 
first coated with oil is difficult to describe. The surfaces 
may be neutral or even preferentially oil-wet on first 
water contact. This would depend on the nature of the 
oil and the possible presence of impurities in the oil. 
Thus, experimental data obtained by van Meurs on 
porous materials which are dried and first saturated 
with the oil phase cannot be used to represent the be- 
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havior noted in strongly water-wet, porous media, even 
for the cases in which the laboratory columns were ob- 
served to be uniformly flushed by the water. 

In the systems, described in this paper, in which the 
models were not uniformly flushed by the water because 
of permeability stratification or viscous fingering, the 
wettability also plays an important role. It can be noted 
in Fig. 3 of the paper, which shows the waterflooding 
behavior of a stratified sand with a viscosity ratio of 
one, that water appears to cross the interface between 
the two strata at just a few places. If this porous mate- 
tial were strongly water-wet, the water would be ob- 
served to imbibe uniformly from the more permeable 
into the tighter stratum. An example of the behavior 
of a similar stratified system in which the sand was 
strongly water-wet has been presented in a previous 
publication.” In this instance, the water was observed 
to advance almost uniformly in the two strata at a 
scaled rate of 0.18 ft/day, even though one stratum 
was more than seven times as permeable as the other. 
Thus, one would infer that the process of initially 
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saturating the powdered glass causes it to behave differ- 
ently from strongly water-wet materials. 

The same general comments apply to the models in 
which viscous fingering was observed. Capillary forces 
in strongly water-wet, porous media damp the tendency 
for fingers to form and grow. In fact, it is possible to 
predict accurately the displacement of viscous oil from 
strongly water-wet, sand-packed columns using steady- 
state relative permeability considerations.’ If viscous 
fingering were important in these laboratory columns, 
the calculated results would not agree with the observed 
results. 

In summary, we believe the author has developed 
a technique that is useful in certain types of flow model 
work. It is, however, important to point out that caution 
must be exercised in conducting immiscible displace- 


AUTHOR’S REPLY 


In the experiments described in the paper, we only 
used glass powder, initially completely saturated with 
oil. Under these conditions it was observed that the 
formation was slightly water-wet. We agree that the 
results obtained from these experiments might not be 
representative for water-wet systems which initially 
contain connate water. However, this does not imply 
that the technique described is limited to this condition 
of wettability alone. 

By treating the glass powder with silicones it can be 
made preferentially oil-wet. Also, the extremely “water- 
wet” system can be (reversely) simulated by displacing 
a mixture of water and glycerine from a silicone-treated 
glass pack with kerosene. The water-glycerine mixture is 
adjusted to the desired viscosity. Various salts can be 
added to match the refractive index of the mixture to 
that of the Pyrex glass powder. cs 

A connate “fluid” containing formation which is 


ment experiments in order to make certain that the 
wettability of the model matrix material duplicates that 
of the matrix of the prototype. If this is not achieved, 
the interpretation of the model results in terms of the 
prototype becomes highly questionable. 
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to F. M. PERKINS, JR. 


extremely wet for displacing fluid can be made by the 
following steps:- (1) the formation is treated with 
silicones; (2) the connate fluid phase is a mixture of 
cyclohexane, benzene, light oil, and carbon tetrachloride 
of the density and viscosity, having the same refractive 
index as the formation; and (3) the displaced phase 
consists of a solution of glycerine and salt in water as 
described above. 

Under these conditions the formation is transparent 
and the displacement process can be studied by injecting 
Kerosene. 

F. M. Perkins, Jr., is of the Opinion that capillary 
forces in strongly water-wet, porous media damp the 
tendency for fingers to form and grow. 

As far as our experience goes, however, the effect 
of capillary forces under those conditions is only to 
increase the size and mutual distance of the fingers 
(i.e. to cause a smaller surface of the interface.) *** 
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ABSTRACT 


The general problem of single-phase natural gas flow 
through porous media has been considered both by 
mathematical analysis and field experiments. Theoretical 
studies on the fluid dynamics of natural gas wells re- 
sulted in derivations of expressions which permit a bet- 
ter understanding of the flow mechanism for conditions 
under which Darcy’s law is no longer valid. 

In applying these results to natural gas production 
and testing technology, special emphasis was placed on 
the study of low permeability, slowly stabilizing forma- 
tions. These applications resulted in a method of pre- 
dicting the performance coefficients of tight natural gas 
wells. 


The calculation of the performance coefficient requires 
the determination of the “test-index’, ——, the drain- 


age radius, R, and the effective wellbore radius, r.. 
Methods for estimating these parameters from field 
data were also developed. 


Field data from 15 wells were collected and analyzed. 
The measured values of the performance coefficients 
were compared with the predicted values. This statistical 
evaluation gave a bias of 7.14 per cent and a standard 
deviation of 11.6 per cent. 


Original manuscript received in Society of Petroleum Engineers 
office on Noy. 14, 1956. Revised manuscript received Aug. 28, 1957. 
Paper presented at Research Conference on Flow of Natural Gas 
ere Reservoirs at the University of Michigan, June 30-July 1, 

*Now faculty member of Chemical and Metallurgical Engineering 
Dept. at University of Michigan, Ann Arbor, Mich. 

**Now with the Research Dept. of Ohio Oil Co., Denver, Colo. 

Discussion of this paper is invited, Discussion in writing (3 
copies) may be sent to the offices of the Journal of Petroleum 
Technology. Any discussion offered after Dec. 1, 1957, should 
be in the form of a new paper. 
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INTRODGU 


The performance of a natural gas well is determined 
by the physical properties of the reservoir rock, the 
extent and the geometry of the drainage area, the prop- 
erties of the flowing fluid, and the conditions of pres- 
sure distribution within the drainage matrix. 

The relation between the quantity of gas delivered 
and the pressure drop within the reservoir is charac- 
teristic of the behavior of each well and is often referred 
to as the back-pressure behavior of the well. 

It is well established that for normal, single-phase 
gas wells the relationship between the gas delivery rates 
and the bottom-hole pressure take, in general, the form, 

where C is the performance coefficient, and n is the ex- 
ponent corresponding to the slope of the straight- 
line relationship between Q and (P’, — P’,) plotted on 
logarithmic coordinates. 

The determination of a well’s performance by the 
back-pressure behavior not only permits the production 
engineers to analyze many operating problems, but also 
provides necessary information useful and essential to 
predict the future development of the field.’ 


Important engineering and production problems such 
as calculation of gas deliverability into a pipeline at a 
predetermined line pressure, design and analysis of gas- 
gathering lines, determinations of spacing and number 
of wells to be drilled during field development to meet 
future market or contract obligations, etc., all depend, 
at least in part, on the availability and use of reliable 
back-pressure curves.’ 


In the past the behavior of gas wells was evaluated 


‘References given at end of paper. 
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by open-flow tests. These tests wasted valuable natural 
gas, and usually caused troublesome Cavings and water 
coning. The need for better testing methods was first 
felt about 20 years ago. For many years, the U. S. 
Bureau of Mines? (Monograph 7) has served as a guide 
for evaluating the performance of gas wells by back- 
pressure tests. Since Monograph 7, various methods of 
testing gas wells have been established and put into 
practice. These methods,*** also called “flow after 
flow, isochronal performance method”, etc., have all 
been based on experimental data and permit the determi- 
nations of the exponent, n, and the coefficient, c, from 
direct-flow tests. 

When a gas well is producing from a high-perme- 
ability formation, the drainage radius evolves quickly to 


the boundaries of the drainage area and only a short- 


period of time is required for steady-state flow condi- 
tions to be approximately established throughout the 
drainage matrix. When a well is stabilized its pressure- 
flow relation satisfies a definite back-pressure equation. 
For wells flowing single phase in the reservoir the back- 
pressure curve is a straight line determined by two 
characteristic quantities; the slope, n, and the perform- 
ance coefficient, c. 

The studies on the isochronal testing methods of gas 
wells have definitely shown that the steady-state flow 
conditions are not necessary to determine the slope, n. 
However when, and so long as transient conditions 
prevail throughout the reservoir, the performance co- 
efficient, c, does not become fixed at a stabilized value. 
This behavior is graphically demonstrated in the shifting 
of back-pressure curves toward the left while keeping 
their slope constant.* 

An experimental determination of the stabilized back- 
pressure curve requires at least three flow tests, each 
starting with nearly static pressure distributions and 
each of proper duration to assure stabilization. Field 
experience gained throughout recent years in the devel- 
opment of gas fields such as San Juan and theoretical 
studies on the unsteady flow of fluids through porous 
media indicate that the stabilization time becomes large 
when the permeability is small. Therefore, direct back- 
pressure testing of tight wells becomes wasteful of gas 
and time consuming, if the stabilized performance co- 
efficient is to be determined experimentally. 

In the development of gas fields with low permeability 
it becomes exceedingly desirable to develop a method 
which would predict the stabilized back-pressure be- 
havior without having to resort to long stabilization 
tests. Such a method has been first suggested, at least 
theoretically, by A. Houpeurt of the French Petroleum 
Institute. 

A theoretical and statistical evaluation of the con- 
clusions advanced by Houpeurt, practical applications 
which would reduce the main theory into a useful engi- 
neering practice, have been the objectives of the paper 
which follows. 


METHOD FOR PREDICTING THE BACK- 
PRESSURE BEHAVIOR, MATHEMATICAL 
FORMULATIONS 


For single-phase natural gas wells the stabilized back- 
pressure curve will be determined if the slope and the 
performance coefficient are known. 

Cullender’s,* “isochronal” method of determining the 
slope of back-pressure curves has been established 
beyond any reasonable doubt as the proper way of 
evaluating the slope, n. 
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CALCULATION OF THE PERFORMANCE COEFFICIENT 


Theoretical studies on flow of natural gas through 
porous media indicate that the performance coefficient 
of natural gas wells is in general a function of the 
following parameters: 

. Effective permeability of the formation, k 

. Thickness of the formation, h 

- Viscosity of the gas, 

. Gravity of the gas, G 

. Compressibility factor of the gas, Z 

. Temperature of the formation, T’, 

Radius of drainage, R 

- Radius of the wellbore, r, 

. A factor, v, which is a function of the range of 

Production rates and slope of the back-pressure 

curve, n 


Without going into any mathematical or theoretical 
justification of Houpeurt’s studies,’ the relation between 
the gas production rate and the over-all pressure drop 
between the reservoir boundary and the wellbore radius 
is established as follows, 


Py 


The factor “v” is related to “n” by mathematical 

analysis for various ranges of production rates. Its 
variation is given in Fig. 1, in graphical form. 

While it is possible to construct a vy vs n curve for 
each well according to the range of production applic- 
able to the particular case, it was found satisfactory to 
develop curves for four main ranges of production 
rates. 

It should be clearly understood that once a specific 
well is under study, the range of production rates under 
which the well is able to produce will be determined 
and compared with the four Tanges given in the text 
and Fig. 1. In case of an overlap between the considered 
range of production rates and the ranges given in Fig. 


TWE 


Fic. 1— VARIATION OF vy WITH THE SLOPE OF THE 
BACK-PRESSURE CURVE. 
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1, only that curve which corresponds closest to the 
range of production of the well will apply. 

It is important to know that for a given well there 
will be only one v value applicable and any interpola- 
tion between the given v curves on the basis of produc- 
tion rates may lead to erroneous results. As determined 
from the pressure build-up analysis, the test-index is 
denoted by zkh/p; k is the effective permeability of the 
drainage area of the well (inclusive of any near zone 
damage or improvement conditions which may exist); 
b is the ratio of density to pressure defined by the equa- 
tion, 

29G (3) 
where Z is the compressibility factor of the gas under 
flowing bottom-hole pressure and temperature condi- 
tions. 

While the proper conversions to practical engineering 
units have been applied to final equations giving the 
gas flow rate, (Eq. 2) the evaluations of (7kh/w) and b 
were left in units in which they were originally derived. 
The term R in Eq. 2 is the radius of the drainage area 
and r,, the radius of the wellbore. 

If a developed field is considered, the radius of drain- 
age can directly be obtained from the spacing. In the 
case of a single well the steady-state radius of drainage 
becomes equal to the radius of reservoir boundaries. 
Under the conditions of transient flow the magnitude 
of the radius of drainage is not constant. When the 
well is shut in the radius of drainage may be considered 
to coincide with the wellbore radius. When the well is 
opened and production resumed, the drainage radius 
evolves toward the boundaries of the drainage area. 
An approximate method for the instantaneous evalua- 
tion of the drainage radius in the unsteady flow is in- 
cluded in the following. 

The term r, designates the effective wellbore radius. 
Ordinarily r,, can be taken as equal to the radius of 
the drill bit. In cases where the special completion 
technique used on the well may effectively change the 
value of the wellbore radius beyond the sand face value, 
such as would be in cases of acidization fracturing, etc., 
a method credited to Houpeurt is developed for cal- 
culating the effective value of the wellbore radius. 

P, and P, in Eq. 2 are the values of static reservoir 
and stabilized flowing bottom-hole pressures, P,’ and 
P,’ are expressed in Eq. 2 in units of thousands of 
psia.” 

The constant, 2.49, is the conversion factor between 
grams per second and standard thousands of cubic feet 
per day. It is to be noted that this conversion factor, 
2.49, is not dimensionless. It has the dimensions of 
(volume per unit mass). 

The term 4.659 is a dimensionless conversion factor 
between atmospheres squared and thousands of psia.” 


The preceding equations indicate that if Lie b, 


b= 


In R/r, and v are known, the performance coefficient, 
C,, could be estimated. It is well established that the most 


reliable value of we would be the one based on the 


actual behavior of the well. Although h and pare 
usually known and well determined, the permeability 
values obtained from core analysis are only point meas- 
urements of a general variable the magnitude of which 
depends very much on depth, location, and direction. 
While the permeability obtained in the laboratory by 
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individual core measurements, or by averaging a large 
number of core measurements, may not be truly repre- 
sentative of the reservoir behavior, it is believed that 
the effective permeability defined and measured from 
actual production-pressure behavior of the formation 
should be used in calculating C,. This is done by 
interpreting data obtained from pressure build-up tests. 


SUPPLEMENTARY FORMULATIONS 
THE TEST-INDEX 


In order to calculate the test-index a draw-down and 
a build-up test are required. The well is produced undis- 
turbed through a given choke setting for a flow period 
long enough to assure that the well behavior is repre- 
sentative of formation characteristics. While true steady- 
state conditions are never strictly attained it is, in gen- 
eral, possible to continue production until the gas rate 
and flowing pressures become approximately constant. 
Pressure and flow data during the draw-down and pres- 
sure data during the build-up are collected. 

When the pressure build-up data is plotted vs the 
logarithm of time, the pressure build-up curve will, in 
general, exhibit a curved section at small values of 
shut-in time, a straight-line section at larger values of 
time, and a curved section flattening out at even larger 
values of shut-in time. The curved section at the begin- 
ning of the pressure build-up curve is due to after 
production into the wellbore while the straight-line sec- 
tion represents the theoretically predicted transient-flow 
behavior, and the curved section at the end is caused 
either by reservoir boundary end effects or drainage 
area boundary interference effects. 

If S represents the slope of the straight-line section 
of the pressure build-up curve, Q the production rate 
previous to shutting the well in, P,; the flowing bottom- 
hole pressure at the time of shut-in, and T, the tempera- 
ture of formation, the following equation can be used 


to calculate the test-index, es 
akh 
—= 78.1 F 
S 


It should be noted that if the well is produced at a 
low rate prior to build-up, the rate, Q, and the flowing 
pressure, P,, can be considered approximately constant 
with respect to time. 


kh , 
is the test-index in units of darcy  cm/cp. 


It will be recalled (consistent with the earlier defini- 
tion of k, and Eq. 4), the test-index is purposely defined 
so it will be representative of the formation and com- 
pletion together. 


The units in Eq. 4 are specifically chosen for direct 
use in Eq. 2 which permits the calculation of the per- 
formance coefficient. 


THE “b” FACTOR 
In Eq. 3 the b factor was defined as 
29'G: 
where Z is the compressibility factor of the gas under 
flowing bottom-hole conditions, 


THE DRAINAGE RADIUS 


The drainage radius is the radius beyond which no 
natural gas is flowing toward a producing well. 
The extent of the drainage radius appears on the 
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equation relating to the pertormance coefficient as 


R 
( In =e where In denotes the natural logarithm 


and r,, is the wellbore radius. 

If a developed field is under consideration for a 
condition of steady-state gas production with all the 
offsets producing the same quantity of gas, the drainage 
radius, R, becomes equal to one-half the spacing between 
adjacent wells. 

If a transient condition is Prevailing over the drainage 
area, the drainage radius is not fixed. For no flow con- 
dition, it can be assumed to coincide with the wellbore 
radius and upon resuming production it starts propagat- 
ing towards the reservoir or drainage area boundaries. 

Under these circumstances and by mathematically 


evaluating the drainage radius as the radius beyond 


which only 1 per cent of the wellbore production is 
flowing at any instant, an approximate formulation is 
derived for engineering calculations (see Appendix— 
Derivation of Equation Giving the Radius of Drainage), 


= 

Since the test-index, akh/w, is usually determined for 
calculating the performance coefficient, it will suffice to 
know the formation thickness, h, and the viscosity, i, to 
calculate the effective permeability, k. 

The porosity is obtained from core-analysis data and 
the viscosity can be calculated as based on bottom-hole 
pressure and temperature conditions. 

The compressibility of the natural gas is not constant, 
but varies with the pressure. However, when the pres- 
sure drop between static reservoir and flowing bottom- 
hole pressures is small, a pseudo-compressibility can be 
defined and formulated as follows. 


14.65 


where P, is static reservoir pressure (psia), Z, the com- 
pressibility factor of the natural gas under static reser- 


volr pressure and temperature conditions, and ap 


is the slope of Z = Z (P T) curve at the point corres- 
ponding to the static reservoir conditions. 


THE EFFECTIVE WELLBORE RADIUS “r,,”’ 


A mathematical study of the equation relating the 
bottom-hole build-up pressures to the production rate 
preceding the pressure build-up test, the hydraulic 
diffusivity*, and the shut-in time, indicates that the 
effective wellbore radius can be calculated by the fol- 
lowing equation. 

1 


(7) 


Usually the slope, S, and the flowing bottom-hole 
pressure, P;, are available from the calculation of the 
test-index (zkh/u); the other variables, k and p, are 
calculated as indicated in the preceding sections. The 
porosity, ¢, is determined from the core analysis. P, 
and f, are read from the pressure build-up curves with 
respect to one another at an arbitrary point on the 
straight-line section of the build-up curve. 


Kt, 


*The hydraulic diffusivity is defined as the ratio between the 
permeability and the product of the porosity, viscosity and com- 
pressibility. 
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In case of straight open-hole completions and in the 
absence of any production stimulation technique such as 
fracturing, acidizing, use of explosive charges, etc., the 
effective wellbore radius may be taken safely as the 
radius of the drill bit. Whenever possible, the calcula- 
tion of the effective wellbore radius may provide useful 


information on estimating In 


. However, it should 


be clearly understood that since this calculation is based 
on the determination of variables such as k, ¢, and £, 
it will be approximate and will depend a great deal on 
the values of k, 4, and 8, and on the proper interpre- 
tation of pressure build-up data. 

It is also interesting to note that a tenfold variation 


of will only affect the term, In ay by approxi- 


mately 2.3. 


EXPERIMENTAL WORK 


For the purpose of obtaining field data in support of 
the theories advanced for the calculation of the per- 
formance coefficients, a testing program was developed 
where a number of wells were chosen and subjected 
to numerous draw-down and build-up experiments. 
Direct field data obtained from these tests have been 
calculated and analyzed by using the equations formu- 
lated in the preceding section. The detailed and exten- 
Sive field experiments were conducted on Stark No. 13 
at Beaumont, Tex.; Hains No. 1 at South Crowley, 
La.; and Clara A-1 at West Nueces County, Corpus 
Christi, Tex. 

In addition to the above tests performed by the 
Research Div., back-pressure and build-up data col- 
lected on several wells from the Hugoton and San Juan 
fields were obtained from the Natural Gas Dept. 

All available field and calculated data used in this 
report are included in Table 1. 


EXPERIMENTAL TECHNIQUES 

The study of back-pressure behavior of a gas well 
requires the analysis of accurate data obtained on: 
(1) the production rate, (2) the flowing bottom-hole 
pressure, (3) pressure build-up, and (4) reservoir 
static pressure. 

Two types of tests are usually required to provide 
the data listed above. Those are (1) draw-down and 
(2) build-up tests. 


DRAW-DOWN TESTS 


All draw-down tests were performed by letting the 
well flow undisturbed through a preset choke for vary- 
ing flowing times. On the Stark No. 13 and the Hains 
No. 1, the wells were produced through in-line meters 
into pipelines at constant downstream pressure. On 
Clara A-1 the gas was metered through a conventional 
orifice plate and flared into the atmosphere. The pro- 
duction data transmitted by the Natural Gas Dept. were 
based on flow measurements performed by flowing the 
gas through critical-flow provers. 

All draw-down pressure data obtained by the Research 
Div. were measured by an Amerada bottom-hole pres- 
sure gauge at the producing horizon of the wells tested. 
Most pressure data transmitted by the Natural Gas 
Dept. were measured at the wellhead by dead-weight 
testers. 


BUILD-UP TESTS 
The pressure build-up technique was used for two 
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TABLE 1—SUMMARY OF 
0 2 
SE £5 
Source Dote BS25 O85 og 
Run of Data Field Well Tested HOT voc 
North Port 
Neches Stark No. 13 6/2/54 2,953.7 2,879.7 6,247.2 431.7 14,2 
Port 
Stark No. 13 6/2/54 2,937-7 94.3 
or North Port 
= Neches Stark No. 13 6/2/54 2,953.7 2,932.7 3,213.6 123.46 — 
4 t= North Port 
Neches Stark No. 13 6/2/54 2,953.7 2,918.7 4,665.6 205.5 
5 South 
gs Crowley Hains No. 1 6/3/54 2,842.0 2,765.7 1,172.0 427.9 10.8 
6 
3 8 rowley Hains No. | 6/3/54 2,842.0 2,819.7 609.6 126.3 
7 South 
as ciey Hains No. 1 6/3/54 2,842.0 2,799.2 883.2 241.4 
South 
= Crowley Hains No. | 6/3/54 2,842.0 2,761.0 1,315.2 453.8 12.0 
8 South 
i = Cievwley Hains No. 1 6/3/54 2,842.0 2,771.5 1,186.0 395.8 
10 South 
Crowley Hains No. 1} 6/3/54 2,842.0 2,822.1 $2250) 
VW West 
Nueces Bay Clara A No. 1 10/13/54 2,065.5 1,570.2 1,515.7 1,800.8 77.0 
12 West 
Nueces Bay Clara A No. 1 10/14/54 2,065.5 1,901.7 558.8 649.8 24.0 
13 West 
Nueces Bay Clara A No. 1 10/14/54 2,065.5 1,740.7 913.0 1,236.2 50.0 
14 r-] Hugoton Free No. 4 12/15/45 424.0 357.9 5,165.0 51.7 13.8 
1S 5 Hugoton Gater No. 1 11/14/46 465.0 390.5 1,864.0 63.7 22.0 
3 
16 Zz Hugoton Gommery No. 1 11/1/45 466.5 382.0 4,015.0 Foe, alee 
17  Hugeton Harley No. | 10/2/45 389.4 1,866.0 19.7 
18 > 2 Hugoton Harley No. 1 10/2/45 1,156.0 33.9 
19 2Q Hugoton Mussman No. 1 7/11/46 472.4 403.0 4,221.0 61.0 17.3 
20 Hugoton Neilson No. 1 10/5/45 460.0" 383.0 1,805.0 64.9 23.7 
21 to) Hugoton Orville No. 1 7/10/45 457.0 354.8 2,543.0 82.7 24.8 
22 Hugoton RepublicNo.1 10/5/45 460.0 370.8 74.3 26.0 
23 e Hugoton Segar No. 1 9/6/45 469.8 390.0 1,863.0 68.0 22.7 
24 2 Hugoton Woolridge No. 1 12/19/45 422.4 381.0 2,763.0 3355 12:6 
25 38 San Juan 28-6 
Mesa 1-14 11/22/53 1,133.0 382.0 682.5 — 348.0 
26 Published 
Dota Cap Bon Well A* 


*Static taken same as static measured at the same date on Republic No. | three locations east. 
1. From geological maps 

2. Calculated 

3. Comparison is made for 718.67 hours 

4. Data published by A. Houpeurt 


FIELD 


Pressure Curve 
n 


'Slope of Back 


0.666 


1.000 


AND CALCULATED DATA 


& 
3 
5 ” Zaese 5 
209 0.596 550! 0.9437 6.365 7,985 6.24 10-4 14,60 14.47 
226 0.605 800! 8.06 2,100 6.16 10-4 16.20 20.70 —21.75 
2,130 
180 0.601 1,500* 8.69 628 5.92 10-4 0.25 0.84 +1.19 
612 
62) 
90 0.712 1,316 7.15% =5.21%5 44,950 8.94 10-* 200.00 183.40 +9.05 
90 0.716 1,316% =5 9,310 9:02. 10-4 29:40: 33:28) 1-66 
90 0.715 1,316 58? 9.01 10-4 113.00 108.20 
90 0.714 1,316 5 10,460 8:99 1058 
0.714 5 10,460 8.99 10-4 38.40 40.55 — 5.30 
90 0.710 1,316 5 26,000 8.94 10-4 11.00 69.40 + 2.30 
90 0.711 1,316 5 8,540 9.01 10-4 40:50 52:70 —23.15 
90 0.729 1,316 5 12,410 9.18 10-* 65.00 85.40 -—23.90 
90 0.71 1,316 5 7,790 8.96 10-* 38.30 52.20 —26.60 
90 0.719 1,316 5 9,040 9.06 10-4 41.50 52.65 —21.18 
90 0.716 1,316 5 24,710 8.98 10-4 98.00 133.00 —25.80 
Function of Function of 
154 0.650 Time 1.1 Time 246.8 3.523 2.913 +20.95 
0.79 7 0.766 0.675 +13.48 


specific purposes: (1) to obtain calculated data on 
test-index, or effective matrix permeabilities and, (2) to 
obtain data on static reservoir pressures. 

Besides the two main purposes stated above, the 
pressure build-up data are also used in calculating the 
effective wellbore radius and the approximate drainage 
radius. In preparing the wells for build-up tests, undis- 
turbed production was initiated until the flow rate or 
the tubing pressure at the surface became approximately 
constant. During some of the experiments, surface pres- 
sure was observed by using a tubing pressure recorder. 

The duration of the shut-in time during the build-up 
tests varied, but in all cases was taken long enough to 
obtain the typical straight-line section which is exhibited 
after the production into the wellbore completely ceases. 

The necessary data on static reservoir pressures were 
obtained either by prolonging the shut-in time during 
some of the build-up tests or by taking individual static 
readings before the well is opened to flow. 


ANALYSIS OF DATA AND DISCUSSION 
OFSRESULETS 


In support of the analytical work a complete set of 
field data consisting of 26 runs on 15 wells were com- 
piled and analyzed. All original and calculated data 
are summarized in Table 1. The available gas-flow-rate 
data varied from about 500 Mcf/D to about 6,000 
Mcf/D. The flowing bottom-hole and static-reservoir 
pressures were measured to cover a tenfold variation, 
roughly from 350 to 3,000 psia. The location of the 
wells tested ranged from South and East Texas to 
Hugoton and San Juan, N. M. The slopes of the back- 
pressure curves varied between 1.0 and 0.666, Calcu- 
lations of effective wellbore radii were made on Clara 
A-1, Free No. 4, Gommery No, 1, and Well 28-6, Mesa 
1-14. The effective wellbore radius was found to be 
approximately constant and equal to 7 ft for all wells 
in the Hugoton field. The calculations also resulted in 
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effective wellbore radii of 0.943 ft for Clara A-1 and 
11.1 ft for Well 28-6. 


wkh 
The test-index, Mig , calculated from the pressure 


build-up data, covered a range from 246.8 darcies x 
cm/cp to about 45,000 darcies * cm/cp. 

The b factor defined as the ratio of the density to 
pressure varied from about 6 X 10% to 9 X 10% gm/cc 
atm. 

The values of predicted performance coefficients 
were compared with the experimental data. This com- 
parison is illustrated graphically in Fig. 2. A statistical 
evaluation of this comparison shows the bias of 7.14 
per cent and a standard deviation of only 11.6 per cent. 
The values of C, (predicted performance coefficients) 
have been estimated by graphical methods. 

In addition to the formulations given in the preceding 
chapters, practical working charts have been prepared 
for graphical estimation of the stabilized performance 
coefficients. These charts, developed for four different 
ranges of production rates, are included in Figs. 3, 4, 
5, and 6. 

During the calculations a comparison was also made 
between the values of C,, calculated mathematically by 
using Eq. 2 and estimated graphically by using the 


STARE 13, 

CROWLEY, 


| 
| 
| | | 


Fic. 2—Comparison Between Prepicrep Prr. 
FORMANCE COEFFICIENTS AND EXPERIMENTAL DATA. 
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| 
0.846 
0.969 
10.846 
10.950 
10.999 
0.846 
0.768 
0.817 
0.846 
0.858 
0.774 
| of 
| --4 | 
| | 
CaP tow 
| 
| 
| 
= 
| 


PERFORMANCE COEFFICIENT “C” 
186543 2 6543 2 


08 6543 2 8 654 3 2 


| | | 

Q=Flow rate std MCF/D | 

C=Performance coefficient | 

Ps=Static formation pressure 

Pr=Flowing sand face pressure, PSIA 

n= Slope of the back pressure curve 

G=Gas gravity 

k=Permeability. Darcy | 

h=Pay thickness, cm = 
| 
| 


Viscosity, cp 

d= x atm) 

L=Natural log 
R=Reservoir boundary radius 4 
2=Effective well bore radius 


| | 1 
| 
x 
GAS GRAVITY | 
| 
6-08 | 
| 
/6201 


| 
! | | Ne | 


“3 = 
10 2 3456 810 2 3456 2 3 456 B10" 2 1 2 3456 810 


TEST INDEX PARAMETER, 
L 


(As obtained from build up analysis) 


Fic. 3—PrepicTion oF THE STABILIZED PERFORMANCE COEFFI- 


CIENTS OF Naturat Gas We ts. For WeLLs Propucinc Wirtn- 


~ 


IN THE Rance (18.65 < Q < 373 Mscr/D ApproximaTeELy) 
Q=C(P? — P*)". Units: C = Mscr/D/[THousanps 


OF (psta)?]”. 


working charts (Figs. 3, 4, 5, and 6). The deviation 
was constantly found to be less than 3 per cent. — 

On the basis of all available data, the agreement 
between the predicted performance coefficients and the 
experimental ones is considered good. It should be noted 
that the data used in calculating the performance co- 
efficients covered a wide range of variation (as to the 
size of the wells, their location, permeability, produc- 
tion rate, etc.), and the magnitude of C, or C, values 
respectively calculated were measured over three cycles 


OMNES 
EXAMPLE PROBLEM 


FREE NO. 4— HUGOTON FIELD 
The following was collected from draw-down and 
build-up tests on Free No. 4, Hugoton field: 
Q= 5,165 Mcf/D approximate stabilized flow rate 
prior to shut-in 
P, = 424 psia, five days shut-in pressure 
T, = 550 °R 
P, = 357.9 psia 
Fig. 7 indicates the pressure build-up data with the 
slope S = 13.8 psia/cycle. 


Determination of the Slope of the Back-pressure Curve 

The slope of the back-pressure curve was determined 
by back-pressure tests and transmitted by the Natural 
Gas Dept. as n = 0.846. 


Calculation of the Test-index 
Using Eq. 4, 
wkh _ 78.1 X 5,165 X 550 


357.9 X 13.8 
= 4.495 X 10* darcies X cm/cp. 
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Calculation of b Factor 
Using Eq. 3, 
R’ = 82 (atm X cc/mole X °K) 
Gas gravity, G = 0.712 (from transmitted data) 
Teritiear = 388 R; = 664 psia 


424 
= .638 (reduced pressure ) 
= 1.416 (reduced tem 
388 perature) 
Z = 0.92 
T, = 550°R, 90°F, or 32.2°C or 
32 =-305.5°K abs 


ON AD 


~ 0.925 X82 3055 8:92 X 10 


Estimation of In R/r,, 
R = 1,316 ft from well-spacing information on maps. 


Calculation Ofare 


In order to calculate the effective wellbore radius, 
the pressure build-up data, given in Fig. 6, is consid- 
ered. Eq. 7 gives the value of effective wellbore radius 
as follows. 


kt, 
30.5 P, — P 
Antilog (=) — 0.3515 


According to the data transmitted from the Natural 
Gas Dept., Free No. 4 has 120 ft of net gas pay, where 
h = 120 ft 
= 0.012 cp 


PERFORMANCE COEFFICIENT “C”” 
08 6543 2 08 654 3 2 '8 654 3 2 78 654 3 2 


| 
oA. TERPOLATED | 
| 


Q=Flow rate MCF/O 
C=Performance coefficient 
Ps=Stalic formafion pressure, PSLA 

Pr=Flowing sand face pressure, PSLA 
n= Slope of the back pressure curve 

G=Gas gravity 
| 


=3 
k = Permeability, Darcy | 
| 


h = Pay thickness, cm. 
Viscosity, cp. 
x atm) | 
L=Natural log 

R= Reservoir boundary radius 


| 
| 2=Effective well bore radius 


EXAMPLE SOLUTION 


4 


| 


10? 2 3456 8107 2 3456 810" 23456 2 3456 810 2 3 456 8100 


TEST ‘NDEX PARAMETER, (a 


(As obtained from build up analysis) 


Fic. 4—PReEDICTION OF THE STABILIZED PERFORMANCE COEFFI- 

CIENTS OF Natura, Gas WELLS. For WELLS Propucine WITH 

IN THE Rance (373 Mscr/D < Q < 3,730 Mscr/D AppRoxt- 
MATELY) Q = Units: C = Mscr/D/[TuHov- 


SANDS OF 


ROT 


NN 
INNS 
ZA 
SA 
~ 
lp = 
\ | 
G= 716 INTERPOLATED 
NUE 
| 
PEST ORT 
| Ks NS A 
[- 
o/| 
GRAVITY Gel 
VA NS 
70.7 
| | | 
| | 
| 


PERFORMANCE COEFFICIENT “C” PERFORMANCE COEFFICIENT “C” 


786543 2 078 654 3 2 08 654 3 2 186543 2 1048 654 3 2 098 654 2 1078 654 3 2 2 2 
| | | | | | 
| | | | 
| Ey | | 
| | | | | | LE 
| | | Zi 
| 
| 
= Flow rale sé. MCF/D | Le, | | | 
| C= Performance coefficient 
| 
Natural | x atm) 
| 
Ve 
Z| 
GAS GRAVITY Gl | 
G09 
| | 
2 2456 810 2.3456 810 2 3 456 81000 10" 2.3456 8) 2345680 2 3456 6107 2 3.456 810° 2 3.456 
TEST INDEX PARAMETER, TEST INDEX PARAMETER, ca) 
(As obtained from build up analysis) (As obtained from build up analysis) 
Fic. 5—PReEDICTION OF THE STABILIZED PERFORMANCE COEFFI- Fic. 6—PREDICTION OF THE STABILIZED PERFORMANCE COEFFI- 
CIENTS OF Natura Gas We ts. For Wetts Propucinc Wirn- CIENTS OF Natura Gas We tts. For Propucine wItH- 
IN THE Rance (3,730 < Q = 18,650 Mscr/D Approxt- IN THE Rance (18,650 < Q = 373,000 Mscr/D Approxt- 
MATELY) Q = Units: C = Mscr/D/[TuHov- MATELY) Q = Pie Units: C = Mscr/D/[TuHov- 
SANDS OF (psIA)*]”. SANDS OF (psIA)7]”. 
akh akh b 4495 104K B92 7 
—— = 4.495 X 10"darcies X cm/cp, thus then —— 5.21 
3.14 100° 254 =46.9 10" darcies (test-index parameter). The point corresponding to the 
$ = 0.07 averaged from available core data above value of test-index parameter on the lower hori- 
hai a Ley: ‘bility of th zontal axis is located and a vertical line is drawn until 
d it intersects the line corresponding to the slope of the 
USING, back-pressure curve, n = 0.846. From this point of in- 
B= 14.65/, 424 x 0.09 tersection a horizontal line is drawn until it intersects 
424 0.92 K 0.9 X 664 the lines of constant gas gravity at the value, G = 
= 3.225 & 10° vol/vol/atm Ons The abscissa of this point on the upper horizontal 
Now going back to pressure build-up Fig. 7 we read scale gives the value of the predicted performance ce 
the point, 7, = 10 hours for which P, = 405.8 psia, _—“fficient as C, = 200 Mcf/D per (thousands of psia*)"™*. 
P, = 357.9 psia, and S = 13.8 psia/cycle. For the purpose of direct comparison with field data, 
Substituting all numerical values in Eq. 7 we calculate the experimental value of the performance coefficient 
l is determined as 
30.5 C. = g 
46.9 X 10° X 10 X 3,600 X 10° (Py > Pr) 
405.8 — 357.9 = 
0.07 0.012 * 3.225 Antilog - 0.3515) C. (424)? — (357.9)?]°* 
R 1,316 | 
In — = In = il | | 
| 
Graphical Estimation of the Stabilized Performance 3 | ha | fe 
Since the production rate for the considered well | | ing 
(5,165 Mcf/D falls within the range 3,730<Q< 2 | | = | 
18,650 Mcf/D), Fig. 5 is selected for graphical determi- — 
i» 
nation of the performance coefficient. | | | 
kh | | | | | Si | 
Time, HOURS 
= 5.21, Fic. 7—Pressure Burtp-up Curve on Free No. 4. 
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or C. = 183.4 Mcf/D per (thousands of psia’).°*" 
The per cent deviation between the experimental and 
the predicted value is 
Cage, = 
x 100 = 200 — 183.4 
C. 183.4 
9:05. percent 


100 


NOMENCLATURE* 


b = ratio of gas density to pressure, b = 29 (GY IY 
T,’, gm/cc/atm 
c¢ = the performance coefficient of the back-pressure 
equation, Mscf/D per (psia’)” 
C. = the experimental performance coefficient, Mscf/D 
per (thousands of psia’)" 
slope of the back-pressure curve 
P. build-up pressure read at time, T,, psia 
P. = static reservoir pressure (bottom-hole), psia 
12 flowing bottom-hole pressure, psia 
pseudo-reduced pressure 
gas production rate, Mscf/D 
radius of the drainage area 
the universal gas constant (82 atm X cc/mole- 
degree) 
= slope of the straight-line section of the pressure 
build-up curve, psia/cycle 
= time read at an arbitrary point of the straight- 
line section of the build-up curve, seconds 
the compressibility factor 
Z, = the compressibility factor evaluated at static res- 
ervoir conditions 
p= Pseudo-compressibility of the gas, vol/vol/atm 
= formation temperature, °R abs = 
; = formation temperature, °K abs 


tl 
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APPENDIX 


DERIVATION OF EQUATION GIVING THE 
RADIUS OF DRAINAGE 


In the absence of a satisfactory analytical theory giv- 
Ing time-space distribution of flow rate and pressure 
drop throughout the natural gas reservoirs, Eq. 5 given 
in the text is derived by making use of the point source 
solution to hydraulic diffusion equation as given by Kel- 
vin, Carslaw and Yeager and others. 


As indicated in the text, Eq. 5 is only a first approxi- 
mation, and proper reservation should be exercised in 
extending its application to the study of natural gas 
reservoirs. 

The point-source solution is given in the literature 
as follows: 


By using Darcy’s equation in evaluating the flow 
rate at radius, r, and time, T, 
k oP 
= 
Substituting Eq. 9 into Equer 


k 
r 


Akt 
by affecting the change of variable 
(7,1) 
P= P(u); 
recall 
d ou 
du or 
and 
d u 
=, ( — = = 
since 
ou 
ors 
and substituting everything into Eq. 10, 
( 
4kt 
4 kt 
or 
t do e 4akt 
Now if we arbitrarily set qx.. = q, T00° 
4kt 
e 100’ Which in turn gives 
4 kt 
pup 
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Laminar Flow of Drilling Mud Due to 
Axial Pressure Gradient and External Torque 


P. R. PASLAY 
A. SLIBAR* 


GENERAL ELECTRIC CO. 
SCHENECTADY, N. Y. 


T.P.4651 


Using three-dimensional, stress-deformation rate equa- 
tions for a Bingham plastic, an approximate solution for 
the laminar flow of drilling mud between the drill pipe 
and casing is given for the case when the velocity gradi- 
ents due to axial flow are large compared to velocity 
gradients due to rotation. 


The fact that drilling mud can be treated, to a first 
approximation, as a Bingham plastic has been estab- 
lished by several investigators’***°. A Bingham plastic 
is a material that is rigid until a certain combination 
of stresses exceeds a critical value. When the stresses 
are sufficiently high to initiate flow, the reduced 
stresses have a constant ratio to the corresponding 
deformation rates at each point. 

Prediction of pressure and torque requirements to 
produce the desired flow of the material have been 
made by analytical solutions due to Bingham’, Reiner’, 
and Buckingham*. One part of the present means of 
calculation that requires clarification is the flow be- 
tween the drill pipe and casing. Present methods treat 
the flow resulting from the rotation of the drill pipe 
separate from the flow produced by the axial pressure 
gradient. 

Since the non-linear behavior of a Bingham plastic 
implies that solutions cannot be superposed, the present 
analytical investigation was undertaken to obtain a solu- 
tion to the problem of combined axial and tangential 
flow. 

Equations have been proposed for the three-dimen- 
sional flow of a Bingham plastic’”’” and it has been 
shown that the proposed equations lead to the usual 
solutions from the one-dimensional theory”. Applying 
these equations to the flow between two concentric 
cylinders the problem of axial flow only” and tangential 


Original manuscript received in Society of Petroleum Engineers 
office on March 11, 1957. Revised manuscript received July 9, 1957. 

*Consultant with General Electric Co. now located at Techn. 
Hochschule, Stuttgart, Germany. 

1References given at end of paper. 

**Reduced stress (often called extra, excess or deviatoric stress) is 
the stress with the average normal stress subtracted from the nor- 
mal stresses, the shear stresses remaining unchanged, i.e. 


3 
Sii = component of normal reduced stress = O77 — % YL Cis 

Sij = component of shear reduced stress 
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flow only” have been solved. In addition to the separate 
problems of axial and tangential flow between concen- 
tric cylinders, the authors have determined the rela- 
tionship between external torque on the inside cylin- 
der and axial pressure gradient necessary to initiate 
flow“. The solution given in Ref. 14 points out the 
complexity of the present problem. 

The problem considered here is the case of simul- 
taneous axial and tangential flow. The axial flow, 
necessary to keep the drill bit free of removed ma- 
terial, results from the axial pressure gradient. Tan- 
gential flow is present since the drill pipe rotates in 
the hole. The solution given here is valid when the 
shear stresses in the drilling mud due to rotation are 
small compared to the shear stresses resulting from 
the axial flow. This case for laminar flow can be en- 
countered in oilfield drilling. 


STRESS-DEFORMATION RATE EQUATIONS 


A detailed derivation of the equations governing the 
behavior of a Bingham plastic is given in Ref. 10. This 
section briefly outlines the physical reasoning leading to 
this three-dimensional formulation of the stress-deforma- 
tion rate law. 

Experiments on a certain class of materials have 
demonstrated the following properties: (1) when a cer- 
tain combination of the stresses is below a critical value 
no deformation of the material occurs, (2) to a first 
approximation this combination of stresses is independ- 
ent of the hydrostatic pressure (negative average normal 
siress), (3) if flow occurs the ratio of the reduced stress 
to the corresponding deformation rate is constant at 
each point of the flowing material, and (4) incom- 
pressibility. 

For the one dimensional case of shear deformation, 
Bingham’® formulated the governing equation as d,, = 0 
for oye < 7, atid pds, = 0,2 — 7, f0F (1) 
where d., is the shear deformation rate, o., the shear 
stress, r, the critical shear stress, and yu the slope of the 
O22 VS d., Curve for d., > 0. Fig. 1 shows the behavior 
for pure shear between two parallel plates. 


Taking into account the physical properties given 
above and assuming the critical combination of stresses 
to be measured by the octahedral shear stress, the fol- 
lowing three-dimensional equations have been proposed. 
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di, =0 for < +, 
7, a 
2ud,, = for \/J. > 
where* 


These equations in cylindrical coordinates are 


ou, ] 


ou 
l ous i Vj. Te 
r 06 VJ. Jie 
or ro N/a 


with 


SOLUTION FOR AXIAL FLOW ONLY 


(2) 


(3) 


(4) 


(5) 


The solution for the axial flow of a Bingham plastic between concentric cylinders (see Fig. 2) is derived in 
Ref. 13. There results for the stresses (the normal stresses are the excess stresses over those introduced by gravita- 


tional forces; since J, is dependent of the hydrostatic pressure, the yield criterion is unaffected by their contribution.) : 


C 
= Cro = O, Gp 
r 
for the velocities = 
=u, = 0 
4u, 


r 


[+20 
4u 

for the radii, r* and r**, bounding the core of material under rigid body motion, 


for 


K 

CK 


and the core velocity, U.,. 


To 


- The volume rate of flow, Q, is given by 


Kr, 
The relationship between the parameters, ( Z ) and ( 3 ) , of the axial flow problem is 


r 


*Repeated indices imply summation. 


aAatn 


(6) 
(7) 


(8) 


(9) 
(10) 


(12) 


(13) 


(14) 


(15) 


(16) 


| 
| 
| 
(=) 


The above solution shows the existence of three separate regions 
of flow. Two regions develop simultaneously from the inner and outer 
boundary of the flow field. Between these two regions a core of ma- 
terial moves axially with uniform velocity. 

The solution for pure axial flow is shown graphically (as the case 
e = 0) for r./r; = 2 in Figs. 3, 4, and 5. For the physical interpreta- 
tion of these results the reader is referred to Ref. 13. 


SOLUTION OF COMBINED AXIAL AND TANGENTIAL FLOW 


This solution is restricted to cases where the stresses due to axial 
flow are large compared to the stresses due to tangential motion. This 
restriction on the relative values of the stresses does not apply, of 
course, to the core with uniform velocity. The previous section shows 
that o,. passes through zero in this core under rigid body motion. At 
the boundaries of the core, o,, is equal to 7, for axial flow only and 
is approximately equal to +, when rotation occurs. This means that 
stresses resulting from rotation should be small compared to 7,. 


The stresses resulting from the action of an external torque ap- 
plied to the inner cylinder are 


Gy = = 6), = 0, 0 


If the stresses created by the external torque, 7, are to be small 
compared to 7,, there ensues the inequalities 


and 
max 


The latter inequality makes possible an approximation of the ex- 
pression for the square root of the octahedral shear stress as follows: 


The stress field is given by 


and 


Taking into account axial symmetry and making use of the above 
expansions, the stress-deformation rate equations become 


er ligne | 
Ou: 
Us| To To Ore \: 
for 
(25) 
fot 
| or r | 
(26) 


Recalling the solution to the axial flow problem three regions of 
flow must be anticipated. First, the region between the inside ra- 
dius, r;, and the inside core radius, r*, has a positive o,, everywhere; 
second, the core with uniform velocity has \/J, smaller than r, every- 
where; and third, the region between the outside core radius, r** > and 


Fic. 1—Grometry OF PARALLEL SLIDING PLATES 
AND SHEAR Stress vs Rate OF DEFORMATION 
FOR Pure SHEAR. 
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Fic. 2—GEOMETRY OF THE SYSTEM SHOWING CorRE 
oF MaTeRIAL witH Ricip Bopy Motion 
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Fic. 3—Tue Dimensiontess Votume RATE OF 
FoR DiFFERENT VALUES OF 
THE PARAMETER ¢ = T/271,7,?7, as A FUNCTION 
OF THE DIMENSIONLESS PRESSURE GRADIENT 
Kr,/7, FOR r,/r, = 2. Tuts Curve SHows THAT 
THE VoLuME Rate oF or DRILLING Mob, 
FoR A Given PRrEssuRE GRADIENT, IS INCREASED 
Due to a Torgue. 
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the outside radius of the flow Tegion, r,, has a negative value for Ce 
At the boundaries, r* and Wi equal 7,. 
The stress-deformation rate €quations may now be integrated for 


the three regions. With use of the integration constants, D,, F,, D., 
U, and 


S22 


Region I (r, < r 
there follows, 


——-- —_— 


(29) 
Region II (r* <r < r**) 
(30) 
= To, (31) 
Region III (r** < 
(33) 
u. =0 (35) 
where 
| = + RP) 


2 


Applying the no slip hypothesis at the boundaries leads to the 
following boundary conditions: 


25 


2 4 6 8 l2 


Fic. 4—Tue Dimensionzess Core VELOCITY 
wU,/r,7, AS A FUNCTION OF THE DIMENSIONLESS 
Pressure Grapient Kr,/7, ror DIFFERENT VAL- 
UES OF THE PARAMETER ¢ = T/27l,r,77, FOR 
= 2. THe Curve SHows THE CorRF 
VELociry oF DrILtinc Mop, ror a Given Pres- 
SURE GRADIENT, IS INCREASED DUE TO A 
Torgur. 


4 43) b 


Fic. 5—Tue Dimensioniess Rap Ratios 
r*/r, AND r**/r, BouNDING THE Ricip Core ReE- 
GION AS A Function or THE DIMENSIONLFSS PREs- 
SURE GRADIENT Kr,/z, ror DirFERENT VALUES OF 


r* 


tol, 


: ua THE PaRAMETER = FOR r,/r, = 2. 
Ricip Core Recion, ror a Given Pressure 
: (36) GrapiEnT, 1s Decreasep Dur To A SMALL TorQUE. 
us, | = Fir, us ret | ul =) (37) 
where , is the angular velocity of the drill pipe. 
The following solution satisfies the boundary conditions (Eqs. 36 and 37). 
Region I (7, <r < r*) 
2 
= C ln 14K (r** — —7,(r* +% | (41) 
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Region III (r** <r<r,) 


To 


z 
0 (46) 
In addition to the above solution the following relations are obtained: 
(47) 


dr 


rex 


and : 


The last two boundary conditions which require \/ J. = 7, atr = r* andr = r** lead to 
50 


Using Eqs. 49 and 50, setting a and recalling that €(C, r) = (51) 


T 0 rz 


the following approximations result. 


[-1+Vl+a]+ Ky, ) Y (32) 
To To 
and 
1 1 yy ELC: 


(=) 


Substituting Eqs. 52 and 53 into Eq. 47 and again taking a of the Inequality 51 there results 


To To 


2 Tio To T=0 Too J T=0 T=0 
& = 


: (=) @tVaVlta VWa- ( ) 
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T= 


(54) 
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f 
T 


The physical meaning of the above relation is that q is held constant while the quantities (= ) ; ( ae ) 


To Yo 


and (=) undergo small variations from their values due to axial flow only because of the application of the 


external torque, 7. Since the perturbation A (Kr,/z,) for (Kr,/t, 
may be determined from Eqs. 52 and 53 as 


) is known, the value of (r*/r,) and Gar) 


ree 


Kr, 1 
1 A (= = 
Kr, [ Kr, ree Kr, 
GU) Yo T=0 To T=0 
For determination of the volume rate of flow, Q, it is necessary to first find the core velocity, U,. Using the 
method outlined above there results 


(OR 
T=0 


To 


To To T=0 Fo T 
To T=0 T=0 To ro To 


Now the volume rate of flow, Q, may be written as 


and there results 


=0 


— 
| 
| 
| 
a| 
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| Kr, | 
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‘ Vig T=o0 Tol of Tol o To T'=0 Tol T=0 TM o J 


In 


= r; 2 


DISCUSSION AND CONCLUSIONS 


The solution for laminar flow under combined ac- 
tion of axial pressure gradient and external torque is 
derived under the restriction that the shear stresses 
due to rotation are small compared to those created 
by axial flow. This analysis indicates that for this per- 
turbation solution it is most feasible to consider the 


CK 
—,., as held constant while, as a conse- 


quence, all other variables (including the axial pres- 
sure gradient, K) change from their values for pure 
axial flow. 

For r,/r; = 2, Fig. 3 shows the influence of the ex- 
ternal torque, 7, on the volume rate of flow, Q. As 
would be anticipated, the influence of an external torque 
on the volume rate of flow for a prescribed axial pres- 
sure gradient, K, decreases percentagewise as the axial 
pressure gradient increases. A corresponding trend for 
the core velocity, U,, is shown in Fig. 4. 

The change in thickness of the core moving with 
rigid body motion can be determined from Fig. 5. In 
line with physical reasoning, the core thickness de- 
creases due to the external torque for a given value of 
axial pressure gradient, K. 

This solution contributes to the understanding of oil- 
field drilling theory since for the first time the effects of 
rotation on axial flow are predicted. The most valuable 
result of this work is not the quantitative prediction of 
the change in flow, but rather the indication of how 
the pressure gradient and torque interact to influence 
the flow. 


parameter, 


NOMENCLATURE 


di; 


= constants 


= component of instantaneous time rate 
of change of strain referred to as 
deformation rate 


absolute value of the octahedral shear 
stress, often referred to as the posi- 
tive square root of the Quadratic 
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(=) T=0 


To J 

Invariant of 
tensor 

K = pressure gradient in the axial direction 
in the concentric cylinders 

/, = length of drill pipe 

Po = pressure at z = 0 

OQ = volume rate of flow per unit of time 
through any cross-section of the 
concentric cylinders 


r, 6, z = cylindrical coordinate system fixed in 
space 


the reduced stress 


r,,r, = radii of inner and outer concentric 
cylinders respectively 
r*,r** = radii of inner and outer boundaries 
of concentric core respectively 
S;; = components of the reduced stress 


tensor, see footnote page 310. 
T = external torque applied to drill pipe 
U, = axial velocity of core of material be- 
tween concentric cylinders with 
radii r* and r**. 
lt,, Us, Uz = Components of velocity vector referred 
to cylindrical coordinates 
component of the velocity vector in 
Regions I, II and III respectively 
x, y, Z = Cartesian coordinates fixed in space 


ud, = ee 


a= = dimensionless parameter 
(A)r-. = value of variable, A, for vanishing ex- 
ternal torque, T 
A(A) = variation of the variable, A, from its 
value for pure axial flow (T = 0) 
£(C,r) = —* = dimensionless function of r 
pu. = slope of shear stress vs shear-deforma- 
tion rate curve for pure shear 
o,; = component of stress tensor 
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Vo Jr=o To JT=0 Vo J Yo J | 16 Jr=0 Lo 
(=) 

T=0 Too J T=0 Tol o J T=0 
Kr, if Kr, Kr, 
r T=0\ To J T=0 To J T=0 Topo 
= Kr, Kr, 
] 2 
ae 
_ 


ils 


T) = Critical value of octahedral shear 


stress 
= dimensionless parameter 


, = angular velocity of drill pipe 
- = angular velocity of rigid core 


REFERENCES 


Ormsby, G. S.: “Calculation and Control of Mud Pressures 
in Drilling and Completion Operations”, Drill. and Prod. 
Prac., API (1954). 

Caldwell, D. H., and Babbitt, H. E.: “The Flow of Muds, 
Sludges and Suspensions in Circular Pipes”, Trans. AIChE 
(1940 237. 

Dunn, T. H., Nuss, W. F., and Beck, R. W.: “Flow Prop- 
erties of Drilling Mud”, World Oil (Feb. 1, 1949), 85. — 


- Goins, W. C., Jr., Weichert, J. P., Burka, J. L.,-Jr., Daw- 


son, D. D., Jr., and Teplitz, A. J.: “Down-the-Hole Pres- 
sure Surges and Their Effect on Loss of Circulation”, 
Drill. and Prod. Prac., API (1951), 125. 

Cannon, G. E.: “Changes in Hydrostatic Pressure Due 
to Withdrawing Drill Pipe from the Hole”, Drill. and 
Prod. Prac., API (1934), 42. 


Bingham, E. C.: “An Investigation of the Laws of Plastic 


VOL. 210, 1957 


10. 


Flow”, Scientific Paper No. 278, U.S. Bureau of Stand- 
ards. 


. Reiner, M.: “The Theory of Plastic Flow in the Rotation 


Viscometer”, Jour. of Rheology (1929-30), 5. 


Buckingham, E.: “On Plastic Flow through Capillary 
Tubes”, Proc., American Society for Testing Materials 
(1921), 21, 1154. 


Hohenemser, K., and Prager, W.: “Uber die Ansatze der 
Mechanik der Kontinua”, Zeitschrift fur angewandte 
Mathematik und Mechanik (1932), 12216: 


Oldroyd, J. G.: “A Rational Formulation of the Equations 
of Plastic Flow for a Bingham Solid”, Proc., Cambridge 
Philosophical Society (1947), 43, 100. 

Slibar, A., and Paslay, P. R.: “On the Theory of Grease- 
Lubricated Thrust Bearings”, Trans. ASME (1957) -79, 
No. 6, 1229. 

Paslay, P. R., and Slibar, A.: “Die Fliessbedingung und 
das Verformungsgesetz viskoser plastischer Stoffe”, Oesterr. 
Ingenieur Archiv, Vienna, (1956) 10, 328. 

Slibar, A., and Paslay, P. R.: “Axial Flow of a Bingham 
Plastic Between Stationary Concentric Cylinders”, Zeit- 
schrift fur angewandte Mathematik and Mechanik, Berlin, 
(1957). 

Paslay, P. R., and Slibar, A.: “Criterion for Flow of a 
Bingham Plastic Between Two Cylinders Loaded by Torque 


and Pressure Gradient”, submitted for publication to Jour. 
Appl. Mech. 


817 


= 
8. 
9. 
2. = 
3. 
4 
13. 
i. 
14. 
| 
= 


Special Applications of Drill-Stem Test Pressure Data 
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This paper discusses how the following formation 
characteristics can be determined mathematically from 
drill-stem test pressure charts: true formation pres- 
sures, effective permeability of the entire section tested, 
well productivities, wellbore damage, and possible de- 
tection of barriers (faults, pinchouts, etc.). 

This paper also presents a practical method for im- 
mediate determination of effective permeability and well- 
bore damage from successful double shut-in pressure 
tests. A list of recommendations for improving the re- 
liability of drill-stem test pressures is also presented. 


PN 


A drill-stem test is a temporary completion designed 
to sample the formation fluid and to establish the pos- 
sibility of commercial production. Early pressure record- 
ing devices were used merely to verify proper opera- 
tion of the testing tool. Until recently the accuracy of 
the pressure gauges has been insufficient for any re- 
liable quantitative use of the recorded pressures. In 
view of the need for more reliable formation evalua- 
tion and as a result of the recent interest in explora- 
tion work employing the concept of hydrodynamic en- 
trapment,”*** better pressure recording gauges are now 
in use. These devices can record pressure within 1 per 
cent above 1,000 psig and can detect differential pres- 
sures as low as 1% psig. 

In addition to formation pressure, several other res- 
ervoir characteristics can be determined from DST 
charts; namely, well productivity, formation permeabil- 
ity, wellbore damage, and the possible existence of bar- 
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riers (faults, pinchouts, changes in permeability, etc.). 

This paper presents a practical method to interpret 
DST pressure charts for formation pressures and many 
other reservoir properties, a method that has been de- 
veloped in analyzing approximately 4,000 DST charts 
during the last five years. The techniques used are a 
composite of published articles on drill-stem testing’’, 
together with well-known pressure build-up analysis 
methods. 


BO 


It has been shown’* that the following equation may 
be used for analysis of pressure build-up curves: 


qu. 

P,, — = ih oe ( 
When this equation is applied to the curves obtained 
in drill-stem testing, the assumptions and boundary con- 
ditions are more nearly realized than in conventional 
flow and build-up tests on producing wells. Zak and 
Griffen’ have recently discussed in detail the use of 

this equation in analyzing DST charts. 


One of the problems with DST curves is the lack of 
reservoir data for precise analysis. Therefore, it is neces- 
sary to develop empirical rules and field methods for 
analyzing DST charts in quantity, For this reason, the 
empirical methods presented in this paper have been 
developed, and their derivation is found in Appendices 
A and B. 


METHOD USED FOR ACCURATE READING OF 
DRILL-STEM TEST CHARTS 


In order to apply the pressure build-up theory to 
DST charts, it is necessary to obtain a digitized expres- 
sion for the pressure and time data recorded by the 
pressure gauge. These data may be either provided by 
the service company or interpolated by projecting a 
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photographic reproduction of the chart against a car- 
tesian wall screen and converting the scale readings to 
Pressure and time values based on the reported readings 
of key points. 


The authors have used an Optically linear opaque 
projector and a standard cross-section-millimeter paper 
screen to tabulate intermediate pressure points between 
the key points normally reported on the charts. Use of 
this technique depends upon correct calibration of the 
gauges. 

Comparing the measured mud pressure with mud 
weight and the measured flowing pressure against recoy- 
ery weight are independent methods for checking gauge 
accuracy. The variation between measured mud pres- 
sures and estimated mud Pressures, which are calculated 
from mud weight and depth, usually check within 2 per 
cent, as shown in Fig. 1. 


ROE 


PRESSURE EXTRAPOLATION 


Experience in plotting a large number of DST charts 
on semi-logarithmic paper has shown that a straight line 
is usually obtained when the indicated kh/u is greater 
than 10 md ft/cp. In the ranges of kh/w less than 10 
md ft/cp, curved plots are usual. Curved developments 
also occur when non-radial flow is present. Fig. 2, 
which is an example of the result that can be expected, 
illustrates the comparison of formation pressures ob- 
tained by DST 44 days before completion and by ex- 
tended pressure surveys. Fortunately in this case, two 
pressure surveys were available for comparison. 

There are several causes of error in extrapolation to 
original pressure. Aside from a multiplicity of tool, 
packer, and gauge troubles, which can usually be identi- 
fied, there is the problem of low-capacity (kh) forma- 
tions. The production of even a small quantity of fluid 
is frequently enough to draw the formation pressure 
down, so that a prohibitively long shut-in time is nec- 
essary to obtain a usable build-up curve. The initial 
shut-in pressure technique is used to minimize the 
effects of excessive fluid production. Entrapped mud 
pressure is bled off, presumably just enough to equalize 
the formation pressure, by opening the formation into 
a limited air chamber sealed off from the main drill pipe. 
This technique is very useful in medium-to-good perme- 
ability formations, since a level formation pressure is 
quickly obtained. In_the low-capacity (kh) formations, 
even the initial shut-in will fail to develop in reasonable 
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time. Mud leakage from the annulus also produces ab- 
normal pressures. Again it is the low-capacity (kh) for- 
mation which is susceptible to mud-leakage effect. The 
measurement of pressure in the low-capacity (kh) forma- 
tion is a continuing problem that merits considerable 
attention. 

Closely related to low-capacity (kh) is the question of 
proper shut-in time. Other things being equal, the error 
in extrapolation is proportional to the amount of log 
(t + 6)/0 remaining at the end of the shut-in period. 
Fig. 3 illustrates the relationship between extrapolation 
error and shut-in times. One of the greatest causes of 
non-usable DST pressure charts is insufficient shut-in 
time relative to the flowing time and Capacity (kh) of the 
formation. The lower the capacity of the formation, the 
longer the shut-in time must be to obtain an accurate 
extrapolated pressure. 


EFFECTIVE PERMEABILITY 


The effective formation permeability may also be 
determined within limits from the DST chart by using 
the well-known methods*"*” for pressure build-up 
curves. The use of an average production rate determ- 
ined from the total Tecovery divided by the flowing time 
is generally sufficient for use in the formula 


kh Vn 
— = 162.6 . 2 
(2) 


Unless the flowing curve is approximately straight, 
indicating constant production rate, Eq. 2 will not be 
strictly correct (see Appendix A). Fortunately, accuracy 
requirements on permeability are not Strict, and the 
approximate value obtained from a DST is useful. 
Since the permeability so determined represents the 
average effective value for an entire drainage area, it 
may in fact be a better value than the permeability 
reconstructed from isolated core plugs from the section. 
In vugular and fractured porous zones, the effective 
permeability of the drainage area is all important and 
cannot be measured except by testing. 
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FIELD METHOD FOR CALCULATING EFFECTIVE 
PERMEABILITY 


A practical field method for estimating effective 
permeability is illustrated in Fig. 4. It is necessary to 
have a successful dual shut-in pressure test, in which 
the initial shut-in curve is nearly leveled out. The final 
shut-in pressure need only be developed to about three- 
fourths of the way between the final flowing pressure 
and the initial shut-in pressure. The procedure is as 
follows: 

Extend the initial shut-in pressure curve until it inter- 
sects the pressure ordinate where (t + 6)/@ = 1. Con- 
nect this point with the final shut-in pressure point which 
has been plotted according to the value of (t + 6)/6 
from the open time (t) and shut-in time (@). Extend this 
line until it intersects the pressure ordinate where 
(t + 6)/@ = 10. Using this AP across one logarithmic 
cycle, calculate the effective permeability (kh/) accord- 
ing to Eq. 2. 

As a specific example and referring to Fig. 4: DST: 
open 45 minutes. Shut in 15 minutes. Recovery: 540 ft 
water in 4% in. drill pipe. Sand thickness: 20 ft. Esti- 
mated fluid viscosity: 1 cp. ISIP = 1,800 psig. FSIP 
= 1,620 psig. Average production rate: 

540 .0142 1,440 


— 9} 
q 45 45 B/ 


Connecting the ISIP with FSIP and extending this 
line until it intersects the pressure ordinate where 
(t + 6)/6 = 10, 

P, = 1,500 psig 


P, — Py = 300 psig/cycle 
kh 
kh _ 162.6 (245) md ft 
300 cp 


k 
— = 6.65 md/cp 


Therefore, from the reported data we are able to 
calculate the effective permeability. This calculation 
can be performed at the well immediately after remov- 
ing the chart from the testing tool. 


PRODUCTIVITY INDEX AND WELLBORE DAMAGE 


Productivity index and damage ratio can also be 
determined from DST data. Two values of productivity 


6 2 | 
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index are obtainable. The first comes from the flow 
curve and is determined by the amount of fluid recov- 
ered, the length of flowing time, and the pressure differ- 
ential between the flowing pressure and the true forma- 
tion pressure. The second value of productivity index 
comes from an analysis of the final shut-in curve. The 
first value of productivity index is affected by any kind 
of wellbore damage, because during the flow period the 
fluid recovered had to pass through the damaged zone. 
The second value of productivity index is nearly inde- 
pendent of damage because essentially no flow takes 
place during the final shut-in time. 

The ratio between these two values of productivity 
index is therefore indicative of wellbore damage. This 
damage is commonly caused by a mud filtrate water 
block on the formation face or pressure loss across per- 
forations in the anchor or across the testing tool. 


FIELD METHOD FOR CALCULATING DAMAGE RATIO 


Although more precise methods are described in the 
literature,” the damage ratio may be calculated at 
the well site immediately after the DST chart is recov- 
ered by using the following empirical equation (see 
Appendix B): 

Following the same field method for permeability 
determination, a@ AP, across one logarithmic cycle is 
determined. The final flowing pressure, P,, is obtained 
directly from the chart. Fig. 5 illustrates the procedure 
used. 

As a specific example: DST: Open 45 minutes. Shut-in 
15 minutes. Recovery: 100 ft mud with show of oil. 
ISIP = 2,780 psi. FSIP_= 2,720 psi. FFP = 50 psi. 
P, = 2,680 psi. P, = Py = 100 psi. 

= .183 (2,780 — 50) 
(2,780 — 2,680) 

The above calculation indicates that approximately 
five times as much fluid would have been recovered 
had no damage occurred, or if the tool had remained 
open a sufficient length of time to sample the formation 
more effectively. Had no damage occurred or had the 
tool been left open longer, the next influx of formation 
fluid into the testing tool would presumably have been 
oil. The operator, at this point, may desire to retest the 
formation to prevent the possibility of passing up a 
potentially productive zone. By determining the forma- 
tion damage immediately after the test, the operator’s 
evaluation of the productivity of the tested interval may 
be considerably different from that based on recovery 
alone and may warrant retesting the zone, a change in 
the drilling schedule, or a change in completion interval. 


D.R. = .183 
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In addition to the above field methods, permeability 
and damage effect on DST charts can also be qualita- 
tively evaluated by visual inspection. Fig. 6 shows the 
effect of permeability and damage on the actual appear- 
ance of the flowing and shut-in curves. These charts 
are facsimiles based on earlier analyzer studies of the 
process.” The chief effect of damage is in reducing 


recovery. The shut-in rate is also faster where a damage 
effect exists. 


BARRIER DETECTION 


In principle, the detection of changes in transmissi- 
bility, kh/u, in the vicinity of the wellbore can be 
determined by study of the pressure build-up curves.‘ 
When formation conditions are favorable, DST charts 
may be analyzed to detect nearby barriers. For example, 


in the case of a linear barrier fault, the expected result 


is a break in the linearity of the plot on semi-logarith- 
mic paper. The early part of the curve will have a 
slope, AP, in psi/cycle exactly one-half the AP of the 
latter part of the curve. In practice, an exact one-half 
ratio is not measurable. Fig. 7 shows an actual DST 
curve indicating the possibility of barrier interference. 
The ISIP appears reliable. The permeability measured 
on the latter part of the shut-in curve is in agreement 
with core data on the interval tested. The test recovered 
1,600 ft of free oil while the off-set well was tested dry 
in the same zone. Had an initial shut-in pressure not 
been taken and had the final shut-in time been insuffi- 
cient, the change in the slope in the latter part of the 
pressure build-up curve would not have been observed 
and the detection of the barrier would not have been 
possible. 

Extending the pressure build-up analysis to DST 
charts for barrier detection presents the following 
difficulties. 

1. The distance of penetration can be shown to be 
proportional to the flowing time. An empirical relation- 
ship, b° = kt (where 5 is the distance to the barrier in 
feet, and k is the permeability in md) may be used to 
estimate the range of penetration detectable on a DST 
chart (see Appendix C). For most drill-stem tests, the 
capacity (kh) of the formation will be unfavorable for 
large radial penetration within reasonable flowing time. 


HIGH PERMEABILITY HIGH PERMEABILITY 
NO DAMAGE EFFECT STRONG DAMAGE EFFECT 
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LOW PERMEABILITY 
STRONG DAMAGE EFFECT 


LOW PERMEABILITY 
NO DAMAGE EFFECT 


Fic. 6—Typtcat DST Cuarts Ittusrratine Er- 
FECTS OF PERMEABILITY AND DAMAGE. 


VOE. 210, 1957 


T 


psig 4 


INITIAL SHUT-IN CURVE 


a 


Fic. 7—DST Pressure Curves Inpicat- 
Possrpte BARRIER. 


2. Production rate is not constant. Effects similar 
to the break in the plot can also be caused by a decreas- 
ing production rate (see Appendix A). 

3. Reservoir characteristics do not agree with the 
simplified assumptions. Since the analysis is based on 
a simplified radial-flow picture, any departure from the 
assumptions can obviously cause curvature, which could 
be mistaken for breaks. 


RECOMMENDATIONS 


1. For accurate pressure readings, use proper clock 
speeds and pressure elements to get the maximum size 
pressure curve on the DST chart. 

2. Always take a double shut-in test. This will permit 
a much more accurate extrapolated formation pressure 
and may permit the detection of changes in formation 
transmissibility or barriers in the event the tool is not 
shut in a sufficient length of time. 

3. Where practical, set the flowing time on the basis 
of the observed blow. If the blow indicates that sub- 
stantial recovery has been obtained, there is no need 
for a longer flow period; therefore, the tool may be 
shut in at that time. The weaker the blow, the longer 
the tool must be left open to sample the formation 
effectively. 

4. The final shut-in time should be at least equal to 
the flowing time if an accurate extrapolated formation 
pressure is to be obtained and if nearby changes in 
transmissibility are to be detected. The final shut-in 
time should be as long as possible but should also be 
consistent with rig-time cost and safe hole conditions. 

5. The lower the permeability of the zone to be 
tested, the longer should be the shut-in time. If the 
capacity (kh) is expected to be below 10 md-ft, a long 
initial shut-in time ranging up to two hours is recom- 
mended. For capacities above 10 md-ft, a shut-in time 
of 30 minutes is usually sufficient. 

6. Measure the mud weight several times during the 
circulation period immediately prior to running the 
DST in order to get an accurate and representative mud 
weight over the entire length of the well. 

7. Record accurately inside diameters of drill collars 
and drill pipe used in the testing string; the location, 
relative to the bottom of the hole, of all pressure 
gauges used; and the number and location of packers 
used. 

8. Using the simplified methods outlined in this 
paper, calculate the effective permeability and wellbore 
damage as soon as the DST chart has been recovered. 
These calculations may greatly alter the evaluation of 
the zone tested, which may be based on recovery alone, 
and may warrant retesting the zone, a change in the 
drilling schedule, or a change in the completion interval. 
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CON CLUSTONS 


1. Aside from limited possible application to low- 
capacity (kh) formations, a true original formation 
pressure can be determined by drill-stem testing long 
before completion and before any drawdown due to pro- 
duction takes place. 

2. Effective permeability and wellbore damage can 
be calculated at the well site by using the simplified 
methods presented in this paper. 

3. Barriers such as faults, pinchouts, changes in for- 
mation permeability, etc., can sometimes be detected 
by proper analysis of DST charts, provided formation 


conditions are favorable. 


NOMENCLATURE 


Symbol Description Used Field Units CGS Units 
a constant rate of change of B/D/D cc/sec* 

production rate 
b distance to a linear 

barrier ft cm 
c compressibility vol/vol/atm vol/vol/atm 
D (t, + 8)/0 at a specific 

point dimensionless dimensionless 
D.R. damage ratio dimensionless dimensionless 
(D.R.), normal damage ratio, zero 

skin dimensionless dimensionless 
(D.R.),, measured damage ratio dimensionless dimensionless 
8 0/t,, a ratio dimensionless dimensionless 
e base of natural logarithms dimensionless dimensionless 
E error in pressure psi atm 
if porosity fraction dimensionless dimensionless 
BEP final flowing pressure psi atm 
FSIP final shut-in pressure psi atm 
h sand thickness ft cm 
ISIP initial shut-in pressure psi atm 
j a subscript number dimensionless dimensionless 
k permeability md darcies 
kh capacity md ft darcy-cm 
kKh/u transmissibility md ft/cp darcy-cm/cp 
In logarithm base e dimensionless dimensionless 
log logarithm base 10 dimensionless dimensionless 
p viscosity cp cp 
N number of logarithmic 

cycles dimensionless dimensionless 
n number of differential 

flow periods dimensionless dimensionless 
Jie pressure psi atm 
P, flowing pressure psi atm 
P; pressure at the infinite 

boundary psi atm 
Pe extrapolated formation 

pressure psi atm 
P,, pressure at the wellbore _ psi atm 
Ps pressure at the point 

where (t+ 6)/8=10 psi atm 
AP pressure difference over 

one logarithmic cycle _ psi/cycle atm/cycle 
AProrm Pressure drop across the 

formation proper psi atm 
AProrai total pressure across a 

wellbore psi atm 
Pin productivity index B/D/psi cc/atm sec 
(P.I.),. measured productivity 

index B/D/psi cc/atm sec 
q varying production rate B/D cc/sec 
a average production rate B/D cc/sec 
a: initial production rate B/D cc/sec 
92:42; different but constant 
q; production rates B/D cc/sec 
qn final production rate B/D cce/sec 
r radial distance from the 

well ft cm 
hs wellbore radius ft cm 
RY skin resistance psi day/bbl atm sec/cc 
t flowing time minutes sec 
ti total flowing time minutes sec 
At differential flowing 

periods minutes sec 
6g shut-in time minutes sec 
X arbitrary variable 
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APPENDIX A 


Aside from the difficulties in reducing reservoir con- 
ditions to the usual simplified constant-parameter radial 
flow picture, there is the question of the effect of non- 
constant production rate, which obviously exists during 
many drill-stem tests. It is the practice to approximate 
the varying production rate problem by breaking the 
flow period, f,, into a finite series of sub-periods, At, 
each having a different but constant production rate, 
Gs, qn. Then, if the superposition theorem 
is used, the basic equation becomes: 


qt 


(n= 
IS 

1 

+n + In( 6 


(4) 


Assuming 
4k6 


It can be shown that the superposition of solutions given 
in Eq. 4 can be expressed as: 


< .01 , g; = constant. 


tS 
iF 
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| 
If the number of sub-periods, n, is made indefinitely 


large, then Eq. 5 becomes: 


provided dq/dt exists as a continuous function of 1. 
Eq. 6 is the solution for non-constant production rate, g. 
The following case is considered as an illustration: 
Let: dq/dt = a = constant. 


The integral in Eq. 6 may be evaluated 
6 


dn 
2 
The case where dgq/dt is a constant is a fair approxi- 
mation to many DST curves which have a varying pro- 

duction rate, g. The error may be expressed as 
(9. — uft, + 20 


where q, = q, + 


is the average production rate, 


(8) 
which is of the form: 


pt | 


6 


o= 


and, since ( >eas8rna. 


then the error will vanish at infinite shut-in time. 

In terms of percentage, the error in using the aver- 
age production rate, qg,, in Eq. 2 instead of Eq. 7, which 
corrects for varying production rate, may be expressed 
as follows: 

E 


100 py 


(dn — a)| 8) In | 100 


Da in(1 
(10) 


Fig. 8 illustrates how much difference the error will 
make. As long as the difference in initial and final pro- 
duction rate is not extreme, use of the average produc- 
tion rate will be a good approximation for the latter 
part of the plot. Empirically this fact was borne out 
in the electric analyzer studies of the DST process 
earlier”. All other things being equal, if shut-in curves 
from tests having a production rate of q,, g,, and q, 
constant through the flow period are compared with a 
curve having a production rate changing with time, 
dq/dt = a, from q, to q,, the varying production-rate 
curve will approach the average production-rate curve 
with negligible error as the shut-in time increases. 
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APPENDIX B 


The damage ratio defined in this Paper is an em- 
pirical factor intended for practical immediate evalua- 
tion when most of the necessary data for precise deter- 
minations are unavailable. The relation of conventional 
treatments in the literature to the damage ratio here de- 
fined is explained as follows: The equation for total 
pressure drop across the wellbore is 


r 
i( 4kt, ) 


(11) 


1 
where du, which may be 


approximated as Ei( — X) ~In + .5772 Olle 

Damage ratio, D.R., is defined as the dimensionless 
ratio of kh/y to instantaneous P.I., where the P.I. is 
taken to mean the measured ratio of production rate to 
differential pressure, P.I, = 


Mg 
This D.R. is measurable from the flowing and shut- 
In 10 
47AP 
from the shut-in curve, the following equation is ob- 
tained. 


= (12) 


in curves on a DST chart. Replacing kh/yq with 


P, 


C383) (13) 


Using Eq. 12, one may define a D.R. from Equal 
for two cases. 
Case I: S = 0, the normal D.R. without skin damage. 


Case II: S0, the measured D.R. including skin 
damage. 


(D.R.), = 


(15) 
kh 
or (D.R.),, = (D.R.), + SS. 


Furthermore, the pressure drop over the damaged re- 
gion will be 


Since we are normally interested in what percentage gS 
is of the total: 


323 


| 
| 
| 
| 
e 
| 
| 
7 
| 


X 100 [ (D.R.), — (D.R.), 


x 100 
(D.R.) 


If (D.R.), can be determined, Eq. 18 may be solved, 
since (D.R.), is measurable. 

From Eq. 14, (D.R.), can be evaluated if the data 
are available. 

Using reasonable values, it appears that (D.R.), = 1 
is not an unreasonable upper limit for DST curves. 

Therefore, if (D.R.), is assumed to equal 1 as an 
arbitrary reference, 


(DIRS). 
(DR). AP (19) 

q q 
( ) Pesta ( 


As the result in Eq. 22 shows, the theoretically maxi- 
mum (P.I.) should be at least (D.R.),, times the meas- 
uneds 

In relating this factor to the published work of van 
Everdingen, Hurst, Miller, Dyes, Hutchinson, and Arps, 
it is evident that they are all equivalent. It is noteworthy 
that the assumption (D.R.), = 1 is equivalent to an as- 
signment of N = 5.5 cycles in the Arps’ graphical plot- 
ting method. The field example cited by Hurst may be 
worked with this method and close agreement will be 
obtained. This is coincidental because the values of 


( fuc 
4 kt, 
happen to be consistent with (D.R.), = 1. 


APPENDIX C 


BARRIER DETECTION 


The theory of barrier detection stated by Horner’ is 
based on the superposition of solutions of two equa- 
tions, one for the well itself, and the second for its 
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image reflected from the linear barrier at a distance, 5, 
from the producing well. Horner concludes that the fol- 
lowing equation is satisfied at the intersection of the 
two straight lines: 


)=n( 


By 


(23) 


Let D= at the intersection of the two straight lines. 


b’fuc 
Assuming that jue 


kt, 
1 kt 
25 
which is in cgs units. 
Converting to field units, 
ki 
fucD ve) 
Selecting typical values for the reservoir terms, 
f = 10° 
=1ep 
c = 3.6 X 10° atm” 
D=10 
Then Eq. 8 becomes 


This relationship may be used to approximate the 
radial distance from a wellbore that a barrier can be 
detected on a DST chart. The permeability, k, is in 
md, and the flow time, ¢,, is in minutes. For example, 
if the effective permeability were 100 md, and the total 
flowing time were 100 minutes, then it would be unrea- 
sonable to expect the detection of barrier interference 
at a range greater than 100 ft. wk 
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Volume Requirements for Air or Gas Drilling 


ABSTRACT 


Drilling rate is a parameter that 
should be considered in determining 
the volume requirements for air and 
gas drilling. The use of past methods 
which ignore the effects of the solids 
content upon the pressure and ve- 
locity of the annulus flow stream can 
result in undercalculation of the re- 
quired volume by as much as 50 per 
cent. 

A vertical-flow equation is pre- 
sented for determining volume re- 
quirements. This equation includes 
the effect of the solids that are trans- 
ported up the annulus in the flow 
stream by incorporating the drilling 
rate as one of the parameters. The 
effect of down-hole temperature on 
required circulation rates is also ana- 
lyzed. 

A simple approximate method of 
determining volume requirements is 
presented. This method is more ac- 
curate than the methods used in the 
past. 

Hole cleaning difficulties are ana- 
lyzed for a recent air drilling job 
where past methods indicated that 
excess air was being used. 

Sample curves of calculated bot- 
tom-hole pressures are presented for 
air and gas drilling in several hole 
sizes. 
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the Journal of Petroleum Technology. Any 
discussion offered after Dec. 31, 1957, should 
be in the form of a new paper. 
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INTRODUCTION 


In certain areas the use of air or 
natural gas as a circulating medium 
for drilling oil and gas wells is be- 
coming a common practice. Large 
increases in penetration rate and bit 
life are achieved through the use of 
these media in preference to mud or 
water. Drilling rates as high as 90 
ft/hr have been obtained in shales. 

The importance of maintaining 
adequate circulation rate is generally 
recognized; however, much disagree- 
ment exists among drilling operators 
as to what constitutes “adequate” 
circulation rate. In quarry drilling, 
where annular velocities can be ac- 
curately determined, an annular ve- 
locity of 3,000 ft/min of standard 
air is required for best results in 
rocks having approximately the same 
density as those commonly pene- 
trated in drilling oil or gas wells’. 
Although this standard air velocity 
has proven satisfactory for quarry 
drilling, some oil and gas well drill- 
ing operators believe that an equiva- 
lent annular velocity of more than 
4,000 ft/min is required; others be- 
lieve that as little as 2,000 ft/min 
is sufficient. Much of this disagree- 
ment results from determining the 
required circulation rates with meth- 
ods which fail to incorporate the 
drilled solids in an equation which is 
applicable to vertical flow. 

Hughes Tool Co. Bulletins No. 23° 
and 23-A’ present data for determin- 
ing circulation rates based on the 


References given at end of paper. 


_— Weymouth formula. These data do 


not include the drilling rate as a 
parameter and, therefore, neglect the 
effect of the solids being transported 
up the annulus. In spite of this ap- 
parent defect and the fact that the 
Weymouth formula is not applicable 
to vertical flow, the Hughes data 
have well served the drilling indus- 
try in many areas and are important 
and timely contributions to the sci- 
ence of air and gas drilling. 

The Hughes data purposely omit 
a correction for increasing down-hole 
temperature. At slow drilling rates 
this effectively compensates for the 
use of a formula which is not valid 
for vertical flow; however, volumes 
determined by the Hughes method 
are not sufficient to support rapid 
drilling rates at moderate and great 
depths. For example, Phillips Petro- 
leum Co.’s Cauthorn “D” No. 1 in 
the Vinegarone field for Val Verde 
County, Tex., was air drilled from 
1,500 to 9,300 ft using a compres- 
sor delivering 1,400 cu ft/min. The 
834-in hole was drilled with 5-in. 
drill pipe, and drilling rates as high 
as 90 ft/hr were obtained between 
7,000 and 9,300 ft. No water or cav- 
ing hole was encountered. At 7,728 
ft it was necessary to wash-out 60 ft 
of cuttings to reach bottom after a 
trip to change bits. At 8,130 ft a 
twist-off occurred and the drill col- 
lars were stuck in drill cuttings. 
These difficulties indicate that the 
1,400 cu ft/min of air was not suf- 
ficient to keep the hole clean. Hughes 
data indicates that 1,180 cu ft/min is 
sufficient to produce an annular ve- 


| 
| 
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locity at 8,000 ft which is equivalent 
in lifting power to a standard air ve- 
locity of 3,000 ft/min. In view of 
the difficulties encountered, it can be 
concluded that either the equivalent 
of 3,000 ft/min is not sufficient, or 
that this equivalent annular velocity 
was not present at 8,000 ft even 
though more air was being used than 
indicated by the Hughes data. 


In order to determine which of 
these conclusions is correct, a mathe- 
matical analysis of the problem was 
performed. The analysis included the 
effect of the solids being transported 
up the annulus by incorporating 
the drilling rate in a vertical-flow 
equation. It also took into account 
the effect of down-hole temperature. 


Application of the resulting equa- 
tion strongly supported the conclu- 
sion that an equivalent annular ve- 
locity of 3,000 ft/min was not ob- 
tained at 8,000 ft on the Cauthorn 
drilling job even though the air vol- 
ume was about 20 per cent in excess 
of the volume indicated by the 
Hughes data. 


The use of data derived from this 
analysis will resolve much of the 
disagreement concerning the circu- 
lation rates required for satisfactory 
air and gas drilling. 


DEVELOPMENT OF FORMULAS 


In air and gas drilling, the particles 
which are transported in the annular 
flow stream are of varying size, 
shape, and perhaps density; there- 
fore, each particle has a different 
terminal velocity in a given medium. 
The particles are disintegrated dur- 
ing removal by the turbulent flow in 
the annulus and the grinding action 
of the drill string; thus, the distribu- 
tion of particle sizes varies at differ- 
ent levels in the annulus. These fac- 
tors prohibit accurate mathematical 
expression of the effect of slip on 
down-hole pressure in the annulus. 


Due to the lack of better methods, 
the effect of slip is neglected in the 
derivation of a formula for predict- 
ing down-hole pressure as a function 
of gas gravity, circulation rate, drill- 
ing rate, temperature, solids specific 
gravity, hole size, pipe size, and 
depth. The circulating fluid and the 
drilled solids are assumed to form a 
homogeneous mixture that has the 
flow properties of a perfect gas. Rec- 
ognizing that slip of the solids does 
tend to increase the down-hole pres- 
sure and thus reduce the annular ve- 
locity of the circulating fluid, it is ap- 
parent that the actual volume neces- 
sary to produce a desired annular ve- 
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locity will be at least as great as the 
volume determined by methods that 
neglect slip. For this reason, the vol- 
umes determined by the methods 
presented in this study should be re- 
garded as the minimum volumes re- 
quired to produce a desired equiva- 
lent annular velocity. 

The following equation for de- 
termining the circulation rates neces- 
sary to produce annular velocities 
that are equivalent in lifting power 
to some velocity of standard density 
air, V., is derived in the Appendix. 
(Note that the circulation rate, Q, 
enters into the right-hand member 
of Eq. in. terms. 
6.61.8°(T,. Gh) 


where: a => SQ + 28.8 

1.625 10° 
The specific gravity of the drilled 
solids was assumed to be 2.70 in 
the development of Eq. 1. This value 
approximates the specific gravity of 


most of the rocks penetrated in ro- 
tary drilling. 


P?+bT — 


av? 


(1) 


b= 


COMPARISON OF METHODS OF 
DETERMINING CIRCULATION 
RATES 


Fig. 1 shows how air requirements 


at various depths according to Eq. 
1. These curves incorporate the as- 
sumption that the surface tempera- 
ture in the annulus is 80°F and that 
the down-hole temperature increases 
1°F for each 100 ft of depth (G = 
.01). Circulation rates determined by 
the Weymouth formula using these 
temperature assumptions are also in- 
dicated on a vertical scale beside the 
Hughes data which does not include 
a down-hole temperature correction. 
Comparison of the volumes indicated 
by these methods shows that at slow 
drilling rates the omission of the 
temperature correction in the Hughes 
data effectively compensates for the 
use of a horizontal-flow formula. 

Fig. 1 also illustrates that the 
Hughes data cannot be accurately 
applied to rapid drilling rates at mod- 
erate and great depths. For example, 
at 8,000 ft with the 90 ft/hr drill- 
ing rate obtained on Cauthorn “D” 
No. 1, a circulation rate of 1,680 
cu ft/min of air is required to main- 
tain an equivalent annular velocity of 
3,000 ft/min according to Eq. 1. 
The Hughes data indicate a volume 
of 1,180 cu ft/min for this depth. 
The error in applying Hughes data to 
these conditions is more than 40 per 
cent. 


FIELD APPLICATION 


The most logical method ot using 
Eq. 1 to determine volume require- 
ments for drilling is to select some 
standard air velocity, V,, that works 
in practice. As previously mentioned, 


increase with increasing drilling rate a standard air velocity of 3,000 
EQUATION NO. | WEYMOUTH METHODS 
T®540°+.01h HUGHES 
DATA 
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lic. 1—Comparison or Metuops o 


F DETERMINING Arr CircuLaTion 


Rates ReQuirep FOR AN EQuivaLent ANNULAR VELOCITY OF 
3,000 FT/MIN IN 834-1n. 5-IN. Pipr. 
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ft/min is required for best results 
in drilling quarry holes, Basing cir- 
culation requirements on this stand- 
ard air velocity is preferable to se- 
lecting a standard air velocity that 
will lift a cutting of some arbitrary 
size and shape. The size and shape 
of the rock chips that are produced 
by the bit depend on such factors 
as drilling rate, rotary speed, bit 
weight, tooth structure, and rock 
characteristics. The actual size and 
shape of the rock chips cannot be 
predicted for a projected drilling job. 
It is, therefore, recommended that a 
standard air velocity of 3,000 ft/min 
be used to calculate basic circulation 
requirements. Of course, adjustments 
may be required to meet problems 
peculiar to certain areas. 


The solution of Eq. 1 is a tedious 
trial and error process. For this rea- 
son, solutions for the common hole 
and drill-pipe combinations were ob- 
tained on Phillips Petroleum Co.’s 
Research Dept. Datatron. The use 
of this computer saved approximately 
two man years of slide rule calcula- 
tion. 

All Datatron solutions are based 
on the assumptions that the surface 
annular temperature, T,, is 540°R 
(80°F) and that the temperature in 
the annulus increases 1°R for each 
100 ft of depth (G = .01). The ef- 
fect of the down-hole temperature 
correction is illustrated in Fig. 2. Al- 
though these temperature assump- 
tions do not apply exactly to each 
drilling job, they represent a con- 
servative estimate of average field 
conditions and are of sufficient ac- 
curacy to permit general application 
of the Datatron solutions. 


To completely present the Data- 
tron solutions will require many 
pages of curves. These curves are 
being prepared and will be made 
available to the drilling industry. In 
order to make the most useful por- 
tion of the data available at this 
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TABLE 


FOR CALCULATING APPROXIMATE CIRCULATION RATES REQUIRED TO PRODUCE A 


1—DATA 
MINIMUM ANNULAR VELOCITY WHICH 1S EQUIVALENT IN LIFTING POWER TO A STANDARD AIR 
VELOCITY OF 3,000 FT/MIN 


AIR 
VALUE OF N 
Size OD Qo 


6% 4,209 82.2 131 177 
5% 4,428 79.8 126 171 
4/588 78:0 123 166 
15 6% 2,905 71.7 112 151 
68.7 107 143 
4, 3,285 66.0 103 137 


1079) 80.3 104 
5 


9 5 —898 49.1 73.0 94.4 
AGN 68.5 88.5 
1,103 41.5 61.0 79.0 
83/4 5 827 49.0 93).2 


670 44.7 65.0 82.7 


73 676 38.5 55.0 69.8 


43/, 27/g 220 41.3 49.5 
2% 271 27.8 37.2 44.8 


= 


GAS, SPECIFIC GRAVITY .60 


VALUE OF N 
Qo Drilling Rate (ft/hr) 
90 scf/min 0 30 60 90 
221 5,434 66.3 128 186 240 
Zils 5,716 61.8 119 174 226 
207 5,924 58.0 113 165 215 
188 64.2 118 167 214 
178 4,033 58.6 108 154 197 
171 4,24) 54.0 100 144 185 
160 2,194 63.0 112 155 194 
146 2,477 56.3 O77. 137 172 
136 2,684 50.8 88.2 124 157 
151 1,597 64.5 112 152 188 
135 1,880 55.5) 95.4 131 163 — 
124 2,087 50.0 84.4 116 146 
126 i7a93 56.4 94.7 128 157 
120 1,502 52.3 87.7 119 147 
114 1,600 48.8 81.6 WW 138 
113 1,160 53.0 87.1 116 141 
107 1,258 49.0 80.3 108 132 
9555 1,424 42.0 68.9 93-1 
112 1,068 $3.5 87.0 115 140 
105 1,166 49.1 80.0 107 130 
93.7 1,332. 41.8 68.3 92 114 
98.3 865 50.1 78.8 104 125 


86.9 1,031 41.6 66.3 87.8 107 

83.2 873 41.6 65.3 85.5 104 

78.0 690 41.5 63.8 82.3 99.0 
74.7 555 42.0 63.1 80.0 94.7 
67.7 638 37.0 55.1 71.4 85.4 
56.5 296 37.0 51.3 62.6 72.2 
51.6 350 632.3 45.6 56.3 65.5 


Q (Required cu ft/min) = Qo + NXH (Depth in thousand ft) 
Example: Calculate the circulation rate required to air drill 11-in. hole with 51/-in. drill pipe at 


rate of 90 ft/hr at 11,000 ft. 


Q= Qo FN X =1,456 + 13511 = 2,941 cu ft/min 


time, an approximate method of de- 
termining circulation rates is pre- 
sented in Table 1. This approximate 
method was derived from the Data- 
tron solutions of Eq. 1. Z 

The approximate method differs 
from the true solution because it as- 
sumes a Straight-line variation of cir- 
culation rate with depth for each 
drilling rate. Curves representing the 
true solution are nearly straight lines 
with exception of those which repre- 
sent high drilling rates in small holes. 

This is illustrated by Figs. 3 and 
4, which present a comparison of the 
approximate and true solutions of 
Eq. 1 for 4%4- and 8%-in. holes re- 
spectively. Observe that appreciable 
errors occur only in small holes at 
rapid drilling rates. 


The approximate method can be 
used to determine air volumes down 
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to 10,000 ft with a maximum error 
of less than 7 per cent in all hole 
sizes which are 6!4 in. or larger. 
This method can be used for air 
down to 10,000 ft in 434-in. holes 
with less than 10 per cent error. 
Slightly poorer accuracy is obtained 
for natural gas. 

The accuracy of the approximate 
method is commensurate with the ef- 
fect of normal errors in predicting 
drilling rates; therefore, the use of 
the approximate method is recom- 
mended until the exact curves be- 
come available. 

Several examples of the use of the 
approximate method follow. 


EXAMPLE 1 
Calculate the circulation rate re- 
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hr) 
Ain.) fin.) sef/min 
12% 6% 1,700 62.3 97.8 130 
1,918 58.0 89.5 119 
2,079 55.3 83.6 111 
11 64a. 1,237 6016 94.51 194 
| 5%. 1,456 54.8 83.8 110 
1,616 50.6 76.9 101 
AY, 1,240 47.8 71-7) 93.3 
3% 1,032 40.8 60.0 773 
798 39.2 «56.7 «722.5 
| 
| 
A 
2 3 a 6 6 6 10 12 
397. 


quired to air drill at 10,000 ft in 
7¥s-in. hole with 3'%-in. drill pipe 
at the rate of 60 ft/hr. 
From Table 1: 
O =O, +°NH = 798 + 72.5 
1525 cuttin: 
(The exact solution for 
this example is 1,490 cu 
ft/min.) 
EXAMPLE 2 
Calculate Example | for a gas 
with .6 specific gravity. 
From Table 1: 
Q, = 1,031 . N = 87.8 
QO —1,031 +-87-:8 
1,909 cu ft/min 
(The exact solution for 
this example is 1,837 cu 
ft/min. ) 
EXAMPLE 3 
Calculate Example 1 for a gas 
with .8 specific gravity. 
From Example 2: Q = 1,909 
From Example 1: Q = 1,523 
Difference 386 


For .8 gravity the volume is ap- 
proximately: 
1,523 386/2 = 1,716 cu 
ft/min 
(The exact solution for 
this example is 1,624 cu ft/ 
min.) 
EXAMPLE 4 
Calculate the volume required to 
drill 90 ft/hr at 12,000 ft in 7%-in. 
hole with 4%%-in. drill pipe using 
natural gas with .6 specific gravity. 
From Table No. 1: 


10 = 


Q,= 865 WN = 125 
cu ft/min 


(The exact solution for 
this example is 2,105 cu 
ft/min.) 


BOTTOM-HOLE PRESSURES 


Bottom-hole pressures were com- 
puted for all points that were calcu- 
lated on the Datatron. Although these 
data are incidental to the present 
study, they are of general interest in 
view of proven relationships between 
drilling rate and bottom-hole pres- 
sure. 

Fig. 5 presents curves of bottom- 
hole pressure vs depth for circula- 


APPENDIX 


NOMENCLATURE 


A = cross sectional area, ft 


a =a function of gas gravity, hole size, solids D 
specific gravity, drilling rate and circula- 


tion rate 


| 
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=a function of circulation rate, hole diameter 
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tion rates which produce an equiva- 
lent annular velocity of 3,000 ft/min. 
Although drilling rate is presented as 
a parameter, these curves should not 
be construed as representing any of 
the relationships between drilling rate 
and bottom-hole pressure that are 
observed in drilling various rocks. 

Note that at great depths the bot- 
tom-hole pressures accompanying 
circulation rates which produce an 
equivalent annular velocity of 3,000 
ft/min are much higher in the small 
holes than in the large and that drill- 
ing rate has a marked effect. The ab- 
solute bottom-hole pressures (pounds 
per square foot) for any set of con- 
ditions can be calculated by substitut- 
ing the appropriate data in the right- 
hand member of Eq. 1. Of course, 
the accuracy of these pressure calcu- 
lations is subject to the assumptions 
used in the derivations which have 
been previously mentioned. 


CONCLUSIONS 


1. Drilling rate is a parameter 
that should be considered in calcu- 
lating circulation requirements for 
air and gas drilling. 

2. Hughes data for determining 
volume requirements are sufficiently 
accurate for slow drilling rates and 
for shallow holes. 


3. The approximate method of cal- 
culating required air and gas vol- 
umes, which is presented in Table 1 
of this study, is more accurate than 
past methods because it is based on 


a vertical-flow equation that incor- 
porates the drilling rate as a parame- 
ter and includes a reasonable down- 
hole temperature correction. 

4. Circulation rates which are de- 
termined by this method should be 
regarded as minimum requirements. 
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ON 


and pipe outside diameter 
D = internal diameter of a pipe or equivalent di- 


ameter of an annulus, ft 


d = diameter, in. 
D,, = hole diameter, ft 


ll 


» — pipe outside diameter, ft 

e = base of natural logrithms, 2.71828 .. . 
friction factor, dimensionless 

G = annular temperature gradient, °F /ft 
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& = gravitational constant, ft/sec’ 
h = depth below the surface to any point under 
consideration, ft 

H = hole depth, thousands of ft 

K = drilling rate, ft/hr 

k = drilling rate, ft/sec 

L = length, ft 

length, miles 

fluid circulation rate, lb/sec 

rate at which solids are drilled, lb/sec 

slope of curve denoting circulation rate vs 
depth, cu ft/min/1,000 ft 

pressure, lb/ft? Abs 

pressure, psia 

~ Pressures at specific points in a flow stream, 


I! 


lb/ft? Abs 


P: P: = pressures at specific points in a flow stream, 
psia 
P, = pressure used as a standard for gas measure- 
ment, lb/ft? Abs 
Po ~ pressure used as a standard for gas measure- 


ment, psia 
P, = pressure in the annulus at the surface, lb/ft’ 
Abs 
Q = circulation rate, scf/min 
Q, = circulation rate for zero depth for use in 
approximate calculations, scf/min- 
Q. = flow rate, scf/day ee 
q = circulation rate, scf/sec 
R = gas constant, 1,544/molecular weight, ft/°R 
r = solids gas weight ratio, dimensionless 
-~S = specific gravity of gas related to air, dimen- 
sionless 
T = absolute temperature, °R 
T, = absolute temperature standard for gas meas- 


urement, °R 
T, = absolute temperature in annulus at the sur- 
face, °R 2 
= average absolute temperature of a flow stream, 
°R 
v = velocity, ft/sec 
V = velocity, ft/min 
V, = velocity of standard density air, ft/min 
p = density of fluid phase at any point, 1b/ft’ 
Po = density of standard air, lb/ft® 
Pm = composite density of gas—solids mixture at 
any point, lb/ft’ 
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APPLICATION OF THE WEYMOUTH FORMULA 
TO ANNULAR FLOW 


The Weymouth‘ formula is: 


QO. = 433.45 x x 


(2) 
Converted to consistent units it becomes, 
P. 


The term, D**", can be replaced by A/.7854. 
The hydraulic radius of a circular cross section is: 
Cross-sectional area/wetted perimeter, or: 

854 D/3142 D = D/4. 

The hydraulic radius of an annular cross section is: 
D,) = (D, = D,)/4. 
Then for annular flow, D*“ can be expressed by: 
D> (D, — D,)“", and the Weymouth formula 


for application to annular flow becomes: 


(4) 


DERIVATION OF FRICTION FACTOR, f, FROM 
THE WEYMOUTH FORMULA 


In horizontal gas flow through a pipe the following 
differential equation holds. 


fv? 
D dL (5) 
Making the following substitutions, 
= 
Eq. 5 becomes 
ON TD dL 
= 9 
P, PSE Tee 


Equating the right-hand members of Eqs. 3 and 6 
and solving for f, 


For annular flow, 


DERIVATION OF VERTICAL-FLOW FORMULAS 


WHICH INCLUDE THE EFFECT OF SOLIDS 
BEING TRANSPORTED UP THE ANNULUS 


Assuming that the drilled solids and circulating fluid 
form a homogeneous mixture (no slip) and that the 
mixture has the flow properties of a perfect gas, the 
following differential equation applies for any depth, 
h (positive) ft below the surface: 


fv" 


By making the following substitutions: 
_4qX 14.7 X 144 (T, + Gh) 
.7854(D* — P X 520 


_ 5.194 (T, + Gh) 


Vv 


P 
7= 014 (D, — D,)~-™ (from Weymouth 
formula) 
SP 


If the specific gravity of the drilled solids is 2.70: 
M. _ .7854 D* X 62.4 X 2.7 Xk 
M, 10765 Sag 
728: 
Sq 
Eq. 9 becomes 


r= 


aP ab (T, + Gh) 
= + 
+ Gh) P 


Jan ; 
(10) 


where: 
1728 
53.3 q 53.3 O 


| 

| 

| 


-and 
q 
62526108 
The general solution to Eq. 10 is: 

ab 
a); 


b 


Solving for the constant of integration, 
ab 


(Gig) 


Eq. 11 becomes: 
ab(  Ghy- 


2a/G 
abT.\({T, + Gh 
G 
(12) 


In the integration of Eq. 10, the down-hole tem- 
perature in the annulus was taken as a linear function of 
depth and was treated as a variable. If the integration is 
performed treating the down-hole temperature as a 
constant, T,,, the following equation results: 


The following comparison of Eqs. 12 and 13 by 
substitution of reasonable numerical values reveals that 
both equations give results which are nearly identical. 

Assumed values: 

Depth, h = 10,000 ft 

Drilling rate, K = 60 ft/hr 

834-in. hole, D, = .73 ft 

5-in. drill pipe, D, = .416 ft 

Q = 1,500 cu ft/min, air 
Temperature gradient, G = .01° F/ft 
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Surface temperature, 7, = 540° Abs 
P, = 2,120 Ib/ft* Abs. 

By Eq. 12, P = 9,700 lb/ft’ or p = 67.4 psia. 

By Eq. 13, P = 9,800 Ib/ft’ or p = 68.0 psia. 

Since the assumption that the temperature varies 
linearly with depth is, in itself, an approximation, Eq. 
13 will be used for simplicity in preference to Eq. 12. 

If the carrying capacity of the fluid phase at any 
point in the hole is equivalent to the carrying power of 
some velocity of standard air, V., the following rela- 
tionship must hold’: 


By substituting p, = .0765 (at 14.7 psia and 60°F), 
53.3(T, + Gh) 
and 
Q(T, + Gh) X 14.7 144 
Eq. 14 becomes 
_ 6.61 S (T, + Gh) Q (15) 


(Di 
By combining Eqs. 13 and 15, the final equation be- 
comes: 


6.61 S(T, + Gh) _ 


(16) 
where 
SO + 28.8 K D® 
and 
1,625 


b 


(Note that Q enters into the right-hand member of 
Eq. 16 by inclusion of the terms, a and 5.) tok 
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TR A 


In order to obtain a better insight into the pressure- 
volume relationship of reservoir rocks a theory of pore 
and rock bulk volume variations is presented. The 
theory is independent of the shape of the pores but is 
restricted to isotropic porous media built up of con- 
tinuous homogeneous matrix material. The main con- 
clusion obtained from this theory is that only three elas- 
tic constants and three viscous constants are required 
for describing pore and rock bulk volume variations if 
the porosity is explicitly introduced into the treatment. 

In addition, reasonable approximations are introduced 
for various types of reservoir rock, e.g., sandstones, 
limestones, and shales, which lead to further simplifica- 
tions of the basic formulas. In consequence there is 
then a further reduction in the number of deformation 
constants which have to be determined experimentally. 
It is shown how measurements of these remaining de- 
formation constants can be performed most conven- 
iently. 

Finally the application of the theory to reservoir 
studies is discussed and the translation of experimental 
results obtained in the laboratory into reservoir  be- 
havior is considered. 


DN TRIO DUCTION 


The decline of fluid pressure in connection with the 
withdrawal of fluid from an underground reservoir 
gives rise to a change in volume of both reservoir fluids 
and reservoir rock. The volume variation of the reser- 
voir rock results in a decrease of both the pore volume 
and the total volume of the fluid-filled formation. Where- 
as the variation in volume of the reservoir fluids with 
pressure is usually known from PVT analysis, that in 
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the volume of the porous medium is rarely measured, 
as it is considered of minor importance in reservoir en- 
gineering. Nevertheless, certain experimental results’ 
Suggest that in a number of cases the neglection of the 
variation in pore volume may introduce errors into 
material balance calculations of reservoirs producing 
above the bubble point. 

Only a few experimental results on the compressibility 
of porous rocks have been published. The compressi- 
bility of pure quartz and of calcite can be found in a 
paper by Adams and Williamson’. Botset and Reed’ car- 
ried out some experiments on the compressibility of 
loose sands, while Carpenter and Spencer* measured 
the compressibility of a number of consolidated sand- 
stones, which data were supplemented by Hughes and 
Cooke’. Hall’ finally reported a number of experiments 
designed to study the influence of the porosity on the 
compressibility of oil-bearing formations, from which 
it appeared that, particularly in the low porosity range, 
the compressibility of the pore volume is important 
enough to be taken into account. 

Difficulties, however, arise in applying these experi- 
mental results to field cases. This is partly due to the 
fragmentary nature of the published data. Yet even 
if more complete data were available, the need for 
a theoretical background would be strongly felt. Such 
a background can be partially found in studies carried 
out by Biot,”” who published a theory of elastic de- 
formations of porous materials and their influence on 
fluid displacement within the pores, by Lubinski*, who 
studied the stress distribution in an elastic porous me- 
dium neglecting pore compressibility, and by Gass- 
mann’, who mathematically analysed the elasticity of 
packings of spheres. The contributions of Biot jntro- 
duce a number of deformation constants which are 
impractical for reservoir rocks from an aspect of experi- 
mental determination. The theory developed by Gass- 
mann is correct but difficult to read. It appeared, how- 
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ever, that the available theories could be extended and 
adjusted to convenient experimental procedures for the 
determination of the deformation constants. It will be 
shown that the present theory further enables us to take 
both elastic and viscous deformations into account quite 
easily, so that it may thus be readily adapted to various 
types of reservoir rock. 


COMPRESSIBILITIES OF POROUS MEDIA 


In a porous structure three kinds of compressibility 
must be distinguished: (1) rock matrix compressibility, 
ie., the fractional change in volume of the solid rock 
material (without pores) per unit change in uniform 
pressure, (2) rock bulk compressibility, i.e., the frac- 
tional change in total or bulk volume of the porous 
rock per unit change in uniform pressure, and (3) pore 
compressibility, i.e., the fractional change in pore volume 
per unit change in uniform pressure. In relation with 
(2) and (3) two kinds of stress variation can be dis- 
tinguished: (a) internal or pore stress variation—the 
pressure in the pores is varied, keeping external stresses 
constant and (b) external or bulk stress variation—the 
stresses on the outer surface of the porous rock are 
varied, while the (fluid) pressure in the pores is kept 
constant. 

The first stress is due to a fluid, and is therefore al- 
ways hydrostatic. The outside stresses, however, may be 
the result of rock stresses, which means that they may 
have different values in different directions. 


DESCRIPTION OF EXTERNAL STRESS 
VARIATIONS 


The variation in external stress in an oil reservoir 
as a consequence of pore pressure decline depends on 
its boundary conditions. To describe these boundary 
conditions we will consider the stress distribution in a 
porous medium. We will assume that the bulk material 
is isotropic and that the matrix material is a structure 
made of continuous matter. 

The stress distribution is determined by the orienta- 
tion and the values of the principal stresses c,, o., and 
o; in the rock bulk material and the value of the fluid 
stress, p, in the pores. 

For the porous body as defined above, the total prin- 
cipal stress system can be split into two parts, a hydro- 
static or mean stress component and a component with 
the property that the sum of the principal stresses van- 
ishes. The first component, having equal principal stress, 
is given by 

3 


The second or remaining component will be denoted as 
the deviatoric stress component. 

It will be shown in the following that the influence 
of the boundary conditions on the compressibility ef- 


fects is fully determined by the value of c. 


c= 


ELASTIC ROCK BULK AND PORE 
COMPRESSIBILITIES 


VOLUME CHANGES CAUSED BY THE 
HyprostTATIC STRESS COMPONENT 


Let us consider a representative volume element of 
an isotropic porous medium. A volume element is rep- 
resentative of the behavior of the structure as a whole 
if it contains a large number of pores. The porosity, 


332 


f, is defined as the ratio of the pore volume and the 
bulk volume of this element. For a given structure both 
pore volume, V,, and bulk volume, V,, are explicit func- 
tions of the above-mentioned external hydrostatic stress 


component, 7, and of the hydrostatic pore tension, p, 
only. Accordingly, any arbitrary change in pore volume 
is given by 


OV, 
WV = do + iL dp (1) 
0a J op Js 


while the corresponding change in bulk volume is de- 
scribed by 


Pp dp 


The partial derivatives occurring as coefficients in these 


equations are in general also functions of p and o. Our 
object is to derive relations between these coefficients. 

To this end let us imagine the following experiments. 
Let a sample of the porous material be under an exter- 


nal hydrostatic stress, a; the hydrostatic stress in the 
pores being p. When p and o are now increased by the 


same amount, da = dp, or o- p = constant. 
If we suppose that as a result all normal stress com- 
ponents in any point of the rock matrix are increased 


by the same amount, do = dp, while all shear stress 
components remain the same, then in absence of body 
forces all equilibrium and boundary conditions are ful- 
filled if the matrix material is homogeneous. 

If we assume the rock matrix material also to be iso- 
tropic, this extra stress system, being unaccompanied by 
any shearing stress, cannot produce any shearing strain. 
As we assumed that the matrix is homogeneous, its only 
result is a uniform dilatation throughout the whole 
matrix. This then obtains for the outside boundaries 
and the pore boundaries as well and therefore we can 
write 

aVs. AV - 
V, c, dp c,do , 
where c, is the compressibility of the rock matrix ma- 
terial. 

Under the condition, p = constant, the above 
deformation fulfills all equilibrium and boundary con- 
ditions and the equations of elasticity. With the aid of 
Eqs. 1 and 2 we find 


The value of c, can nearly always be considered as a 
constant in reservoir rocks in the pressure range en- 
countered in practice, but this constancy is not essen- 
tial to the theory. 

Eq. 3 already provides us with two relations between 
the four partial derivatives. A third relation can be 
derived from energy considerations. For this purpose 
we shall use the reciprocal theorem of Betti and 
Raleigh”. Consider two individual hydrostatic loadings, 


do and dp, on bulk and pore surface respectively. 
The reciprocal theorem now states that the whole 
work. done by the forces of the first set (as a result 


of do) acting over the displacements produced by the 
second set (as a result of dp) is equal to the whole 
work done by the forces of the second set acting over 
the displacements produced by the first. Using Expres- 
sions 1 and 2 this theorem leads to 
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The above is sufficient to express the four partial 
derivatives in terms of two physical quantities which are 
easily measurable. To this end the following two ex- 
periments are chosen. In the first the pore tension, D, 
is kept constant and thus only o is varied, Then Eq. 2 
States that in that case 


dV, = 
0a 


We will denote 


1 (av, 
V, do ( ) 


—as the rock bulk compressibility of the porous struc- 


ture. The measurement is performed by determining 
the bulk volume change of a jacketed sample under 
hydrostatic pressure. In general, c, will be a function 
of p and co. 


For an idealized model of a porous medium the 
value of c, can be calculated from the elastic con- 
stants of the rock matrix material. These idealized 
models, however, only show a slight resemblance to 
actual porous media in oil reservoirs. Therefore, we 
avoid such a microscopic model and use this pure 
phenomenological description. 

Secondly, a determination of c, can be performed 
on the same core by removing the jacket and allow- 
ing the compressing liquid to enter the pores, From 
now on we will consider c, and c, to be known. 

As a consequence of the results obtained, we will 
split up Eqs. 1 and 2 into a part for which o — p is kept 
constant and a remaining term expressing the influence 
of an additional variation of ¢ or Dp. 


Ver 
1 = 
V> Oo 
dV, 1 ov, 
1 
According to Definition 5 and Eq. 3, Eq. 2A becomes 
Thus, from Eqs. 2 and 6 it follows that 
Ve ap = Ce) 
and this result, combined with Eq. 4, gives 
= . 
do 
Thus Eq. 1A becomes 
1 
= c,dp + —(c, — c,) (do — dp) = 
V, c,ap (c, c,) (do Pp) 
1 1 =F 
(7) 
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As an additional result we obtain from f = ce 


which in combination with Eqs. 6 and 7 leads ». 
df = f (de — dp) 
b 
Because also 


op 
the partial derivatives are given by 


a 
do Op Cy 


VOLUME CHANGES CAUSED BY THE 
DEVIATORIC STRESS COMPONENT 


By reasoning along the same lines it can be derived 
that both the total change in pore and in bulk volumes 
resulting from a deviatoric stress system are zero. 

Consequently Eqs. 6 and 7 are the final formulas for 


the pore and bulk compressibility, where do stands for 
da = dat). 


DETERMINATION OF do FROM THE 
BouNDaRy CONDITIONS 


The remaining problem consists of the determination 
of the change in hydrostatic stress, do, as a function 
of the pore pressure variation, dp. ‘ 

Now the boundary conditions prescribe either the 
change in value of the principal stresses in the rock 
bulk material or the change in deformation of the bulk 
volume. A third possibility is a mixed boundary con- 
dition, in which the change in value of the principal 
stress is given in a restricted number of the principal 
stress directions, supplemented by deformation condi- 
tions in the remaining principal stress directions. 


We shall restrict the discussion to constant boundary 
conditions, as these are those prevailing in oil reser- 
voirs. This restriction means that the conditions at the 
boundaries of the formation are equal to those of a 
representative volume element. 

In such cases the first two types of boundary condi- 
tions present no difficulties. If the change in boundary 
stresses is given, do,, do:, do;, and thus do are known 
and the pore compressibility can readily be calculated 
from the preceding theory. If the boundary deforma- 


* is known and this allows a de- 


tions are given, 


termination of the change in hydrostatic stress by means 
of Eq. 6. 


Mixed boundary conditions require a specification of 
the change in length in each of the individual prin- 
cipal stress directions. As shown in Appendix 1 the fol- 
lowing expression for the elastic strains obtain 


dL, 
— dp + — de 
b 


in which i stands for the direction of the principal 
stress (i = 1, 2,3), G, is the rock bulk shear modulus, 
and L, is the dimension of the reservoir in the direc- 
tion, i. 

Consequently, if the strains are given, the values of 
do, can be calculated and do is therefore also known. 


dp=-—d (<2) 
do , 
| 
| 


Eq. 9 shows that in general two elastic constants of 
the rock bulk material, c, and the shear modulus G,, 
play a role in the compressibility of a porous medium. 
Thus the total number of elastic constants amounts to 
three, if the porosity, f, is explicitly introduced into the 
treatment. 


COMPARISON WITH BIOT’S THEORY 

We will now show the relation between the present 
theory and the elastic theory of Biot. This author stated 
in his publication of 1941 that 


= —{ + 


In this equation o,, o,, ando, stand for the principal 
stresses o;, o2, and o, of the present paper, while o 
stands for the negative value of the fluid tension, p, in 
the pores. The quantity © is equal to our value 


V, 

H and R are deformation constants. Hence, 

Our theory thus enables Biot’s constants, H and R, to 
be expressed in terms of the compressibilities, c, and cp, 
and the porosity, f. As Biot assumes linearity both c, 
and c, are constants in his theory. From a comparison 
with Eq. 7 it follows that 


1 = = 
(1 + fed 


and 


Biot concluded that the elastic bulk constants, c, and 
m, (for the latter, of course, also G, may be taken), 
together with H and R are the four distinct constants 
which completely define the physical properties of an 
isotropic elastic soil in the equilibrium conditions. 
Though this is true, a better insight into the physical 
background has now been obtained. Furthermore, the 
other deformation constants introduced by Biot can be 
translated into expressions containing only c,, m, or 
G,, c, and f. Such correlations can be found in Table 1. 

In Table 1 the effect of compressibility of the pore 
fluid is not included. It must be remarked that the Biot 
constants already contain the effect of the compressi- 
bility of the pore fluid. For that case 


Vie) 


and assuming linearity, 


Rot (i+ 


1 
ra and a obtain the same value as is the case without 


the influence of a fluid compressibility, but now 


TABLE 1—CONVERSION TABLE FOR BIOT'S ELASTIC CONSTANTS* 
Biot : 
H R 
Present theory Cb) = — Fer!) = er(1 — f — =) 
cb cb 


*These constants are the ones introduced in 1941. In the 1955 
ons of Biot, different constants Q and R are introduced. The cor- 
relation is 


Qs = — (:- =) 
Rss = + f?7Qa. 
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1 CG 
24 62), 


To compare the present theory with the Biot notation 
in his 1955 paper the following transformations of the 
independent variables must be made: 


Biot? Present theory 
p 
=0h — 
dVo 
Vo 
dVp 
Vp Vo ( cop) 


VISCOUS DEFORMATIONS 


It is to be expected that, besides elastic deformations, 
viscous deformations will occur in porous rocks (visco- 
elasticity). 

The viscous deformations will be described by intro- 
ducing shear and volume viscosities. This procedure 
provides a complete analogy between elastic and viscous 
deformation equations; the shear viscosity replaces the 
shear modulus and the volume viscosity replaces the 
compression modulus. Viscous deformation rates (the 
time derivatives of the deformations) must be compared 
with elastic deformations. 

In consequence of the analogy between the equations 
for elastic deformations and viscous flow, Eq. 7 can be 
translated into an equation which describes the time 
derivative of the change in pore volume due to viscous 
deformations. 


in which &, and &, are the rock bulk and rock matrix 
coefficients of volume viscosity, respectively. 

Further, the translation of the elastic change in bulk 


volume as expressed by Eq. 6 gives for the time deriva- 
tive of the change in bulk volume 


dV, 1 = 


The viscous strain rate is the analogy of Eq. 9, 


dL, do, —do , do 
in which , stands for the rock bulk shear viscosity. 
How the elastic deformations (Eqs. 6 and 7) and 
the viscous deformation rates (Eqs. 10 and 11) should 
be combined depends on the visco-elastic behavior. 
From the foregoing it is clear, however, that three 
viscous constants are sufficient for the description of 
the viscous behavior, a fourth constant being again— 
as in the elastic case—the porosity, f. 


APPROXIMATIONS IN THE GENERAL 
FORMULAS 


The preceding theory allows the applicability of ex- 
perimental results to specific cases to be judged and can 
be applied to various types of sediments encountered as 
oil reservoirs. For this latter purpose a number of per- 
missible approximations can be introduced in order that 
the compressibility is always expressed as simply as pos- 
sible. 
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SANDSTONES 


From the author’s experimental results, as well as from 
those found in the literature,** it can be concluded that 
in consolidated sandstones the deformations are usually 
purely elastic. This means that the elastic constants, c,, 
G,, and c,, are sufficient for describing the mechanical 
behavior. In addition it appears that in the high porosity 
range (f > 0.15) the rock bulk compressibility, c¢,, is 
much greater than the rock matrix compressibility, c 
and thus c, can be neglected with respect to c,. 

Hence for sandstones we obtain the following ap- 
proximate formulas for the compressibility of pore and 
bulk volumes in the high porosity range: 


dV < 


ry 


Vie f 
and 
dV, 
V, 
Consequently, for these cases 
dV, 1 dV, 
a relation used in calculations by Carpenter and Spen- 


cer*. 


(14) 


SHALES 


Shales, however, have to be considered as vViSCo- 
elastic materials and must at least be represented by a 
Maxwell element*”. In particular it is here permissible 
to assume that c, is very much larger than c,. Volume 
viscosity can be neglected in most cases. Therefore, ap- 
proximate formulas 13 and 14 are here also valid. How- 
ever, in the boundary conditions both the shear vis- 
cosity, y,, and the shear modulus, G,, will now occur 
(see Eqs. 9 and 12). 


LIMESTONES 


Some experiments on limestones carried out in this 
laboratory have shown the existence of a finite bulk 
volume viscosity. If c, > >c, and &< < é,, and, we 
assume a rheological character according to a Maxwell 
element, the pore compressibility is now given by 


: 
where p stands for the Heavyside operator, oF: Again 


dV, 1 dV, 


INFLUENCE OF THE BOUNDARY CONDITIONS 


The original stress distribution at the boundaries of 
the reservoir determines the initial conditions. This 
stress distribution is the result of deformations in the 
geological past. Further, we are interested in what 
happens at the reservoir boundaries after the reservoir 
pressure declines. Let us apply the preceding theory to 
three extreme types of boundary conditions occurring 
during pore pressure decline. Then the following rela- 
tions for the three different cases can be found be- 
tween the hydrostatic pressure difference, do, and the 
pore pressure variation, dp. 

1. Uniform and constant boundary stress on the 
reservoir, 


*A Maxwell element consists of a Hookean spring and a New- 
tonion dash pot in series. 
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2. Rigid outer surface of the reservoir (from Eqs. 
6 and 11), 


for a Maxwell element, under the assumption that 
E, =, which is nearly always the case. 

3. Constant boundary stress in one of the principal 
stress directions and absence of bulk deformations in 
the other principal stress directions. With the assump- 
tions, again, of & = o and a Maxwell element, we 
find, as shown in Appendix 2, 


ds = pb, 


dp. 
1 1 1 
+ —) + 
( =) pe. ) 


It must be remembered that there is a relation between 
the elastic constants, G, and c,, if Poisson’s constant, m, 
is introduced. This relation is 


M., 
in which M., is-a function of the elastic Poisson con- 
stant, m,,, for the rock bulk material 

In the practical range of m,, the value of M., does not 
show much variation and may be taken as equal to one. 
This implies that for many practical applications a 
separate determination of G,—which requires a difficult 
experiment—can be avoided. 

Case 1 is the boundary condition prevailing in lab- 
oratory experiments. Case 3 is a situation quite likely 
to occur in the oil reservoir, in which the constant 
boundary pressure must be taken as being in the 
vertical direction. A comparison between laboratory 
and reservoir behavior can therefore be made. Sand- 
stones give the following result. 

For uniform and constant boundary stresses (Case 1) 
the total change in pore volume is obtained by substi- 
tuting Eq. 16 in Eq. 13, 


aV, Cr 


For an uniaxial constant boundary stress and rigid side 
walls (Case 3) Eq. 18 gives for sandstones in the high 
porosity range 


(20) 


eb 


This result, substituted in Eq. 13, leads to 


dV. 1 Cy 
V, 


The value of aoe is calculated in Table 2 for different 


values of Poisson’s constant, m. 


3 4 8 10 
1 


TABLE 2—VALUE OF 


1.00 0.567 0.555 0.500 0.466 0.429 0.407 0.381 0.368 


M+ 1 


835 


Cc, + — 
pss 
- 1 
do = ————dp . 
Me 


As the value of m for porous rocks lies between four 
and eight, it can be seen that for sandstones in second 
approximation 

aV, 

This signifies that for isotropic oil sands the pore com- 
pressibility actually present in the reservoir will be 
about half the value measured in the laboratory under 
uniform and constant boundary pressures. 


MINIMUM NUMBER OF DEFORMATION 
CONSTANTS TO BE MEASURED 


From the above considerations it follows that for 
practical purposes the following deformation constants 
have at least to be measured: (1) sandstones—c,, (2) 
shales—c, and p,, and (3) limestones—c,, é,, and py. 
The diagram of an apparatus suitable for measuring 
c, and c, very accurately is given in Fig. 1. The appa- 


ratus also allows AS) and to be meas- 
V5 op Co P 

ured, and it thus was possible to check the preceding 

theory for a number of cores. The apparatus employed 

is described in Appendix 3. 

In principle, €, can also be measured with the same 
apparatus, but the measurement of both & and p, is 
much more complicated and time consuming than the 
measurement of the elastic constants and requires 
further investigation. 


DISCUSSION OF PUBLISHED MEASUREMENTS 
OF THE ELASTIC CONSTANTS 


Reviewing the experimental data reported in the 
literature on the basis outlined here, we find that (1) 
Adams and Williamson’ measured c, and c,; (2) Botset 


V 
and Reed* measured a with p constant and the 
b 


mixed boundary condition, do, = dP, «, = «, = 0; (3) 


Carpenter and Spencer* measured 
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18/eV 
Hughes and Cooke’ measured vA =) ; and (5) Hall 


do 


1 (=) 
measured ——{ —— and —{ —— 


Hall as “effective rock compressi- 
Op 


bility” and-(=2) as “formation compaction”. In 

the light of the present study these are somewhat mis- 
leading descriptions. 


Carpenter and Spencer, as well as Hughes and Cooke, 


do 
a constant, but is dependent on pressure. It is very 
likely that all the elastic constants, both basic and 
derived, are functions of pressure, with the exception 
of c,. For instance, rock bulk and pore compressibilities 
are much greater at low than at high pressures. The 
explanation is given by Brandt.” In a treatise on vibra- 
tion phenomena in porous media, by applying Hertz’s 
theory of elastic contact deformation for spherical con- 
tact of rock grains, he finds for an aggregate of spherical 
particles of different diameters, 
273 
Cy = pyr 

where k is a material constant of the matrix material 
and C, a porosity factor.* From this it follows that the 
derived compressibilities are therefore also dependent on 
pressure. 


The applicability of the Hertz theory under static 
loading conditions is demonstrated in Fig. 2, where 


and Spencer (p = 0) are plotted against the hydraulic 


pressure, o, on a log scale. Nearly straight lines with 
slopes in the neighborhood of two-thirds are found. 


1 
demonstrated that for sandstones ZA +) is not 
Pp 


the measurements of 


carried out by Carpenter 


_ *A same relationship between cp and (c —p) can also be found 
in the study by Gassmann®. For consolidated materials the relation 
breaks down for very low values of (o—p). 
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From this it follows that published compressibilities 
of reservoir rocks must be handled with care, bearing 
in mind that these compressibilities in general are still 
functions of pressure, Neglection of this effect may lead 
to erratic results on application of these data. 


The curve of Les 


as a function of o at a given 
bo 


level of p must be known, together with the rock matrix 
compressibility. But the first mentioned curve can be 


replaced by a curve of under the same 
po 


conditions. 


CONCLUSIONS 


1. For an isotropic porous medium built up of con-— 


tinuous homogeneous and isotropic matrix material, 
relations are established giving the compressibility of 
both pore and rock bulk volume as a function of the 
elastic and viscous deformation constants of rock matrix 
and rock bulk material and the porosity. 

2. Deformation phenomena in a purely elastic mate- 
tial of known porosity can be described by three de- 
formation constants. Likewise, three constants are re- 
quired for the description of a purely viscous porous 
material. In each case two constants refer to the rock 
bulk and one to the rock matrix material. Consequently, 
no direct measurement of the amount of fluid displaced 
from the pores is required. This simplifies the experi- 
mental procedure. 

3. For practical purposes pore compressibility can 
frequently be determined with sufficient accuracy from 
reliable measurements of the elastic and viscous defor- 
mation constants of the rock bulk material only. 


4. For many oil sands which show isotropic elastic 
behavior the pore compressibility occurring in the reser- 
voir is about half the compressibility measured in the 
laboratory under uniform and constant boundary 
pressure. 


NOMENCLATUR E* 


E = Young’s modulus 

f = porosity 

G = shear modulus 

m = Poisson’s constant 
— 

(m + 1) 

p = hydrostatic pore tension 
specific change in length = strain 


ll 


p = Heavyside operator, ae 


o = normal stress 
o = external hydrostatic tension 
= shear viscosity 

€ = volume viscosity 


SUBSCRIPTS 
b = total or bulk 
= elastic 
p = pore 
r = rock matrix 
i = 1, 2, or 3 indicate principal directions of stress 


*See AIME Symbols List in Trans. AIME (1956) 207, 363, for other 
symbol definitions. 
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APPENDIX 1 


THE ELASTIC TOTAL STRAIN OF THE 
ROCK BULK MATERIAL 


The strains resulting from an external or bulk stress 
condition as a function of the principal stresses are 


1 1 
if E is Young’s modulus and m, is the elastic Poisson 
constant. Eq. 1 can be rewritten as 


m, m, 
The bulk volume change is given by 


3 ) 


with the introduction of the hydrostatic stress, 
This leads to « = c, 
Further, a mean strain can be defined, 


3 
In this way Eq. 1 can conveniently be rewritten as 


Or 


Baar 


V 
| 


The strains resulting from an internal or pore pressure 


are 
3) Vi ap 


According to Eq. 4 in this paper 


1 
The total strain is the sum of the strains according to 
Eqs. 2 and 4, 


This corresponds to Eq. 9, which is, however, in dif- 


ferential form. 


APPENDIX 2 


RELATION BETWEEN do AND dp UNDER 
RESERVOIR CONDITIONS 


In the reservoir the prevailing boundary condition 
is a constant vertical boundary stress and the absence of 
tock bulk deformations in the horizontal directions. 
Therefore, we can put do, = 0, and from symmetry in 
the horizontal plane, do. = do; = do. Accordingly, 
2 
3 
in the principal stress directions are given by the sum 
of Eqs. 9 and 12 in this paper. 


doy — da) + —)do, 
in which it is assumed beforehand that €, = o. 
Accordingly for this particular case, 


1 1 1 
0 3 (c, c,) dp 5 


b 


do = —de. For a Maxwell element the total strains 


= 1 1 
(do — dc) +3 Cy + =) do. 
This leads to 


do = dp 
(« =) 
APPENDIX 3 


DESCRIPTION OF COMPRESSIBILITY 
APPARATUS 


An apparatus for measuring compressibility data of 
porous media is shown in Figs. 1, 3, and 4. 

A closed cup (1), provided with a piston (2) =is 
placed in a pressure vessel (3). If the liquid in vessel 
(3) is brought to a certain pressure, p,, the same 
pressure is obtained in cup (1) as a consequence of the 
action of the piston. The compressibility of a known 
amount of liquid can be calculated by Measuring the 
axial displacement of piston (2). For this purpose 
piston (2) is provided with a needle (4) which can 
move up and down in tube (5). Since the pressure in 
tube (5) is also equal to p,, the displacement of 
needle (4) must be read off through the opaque wall 
of tube (5). This is achieved by placing on the needle 
a soft iron core (6), the position of which is detected 
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Fic. 3—APPARATUS FOR THE DETERMINATION OF 
COMPRESSIBILITIES OF Porous StructTuRES AS UsED 
To Measure Rock Matrix Rock BuLK 
COMPRESSIBILITIES. 


Fic. 4—ApparRaTUS FOR THE DETERMINATION OF 
COMPRESSIBILITIES OF Porous Structures AS UsED 
TO Measure Pore ComPRESSIBILITIES. 


by means of an electric coil (7) mounted around tube 
(5). The outlet (8) of the cup is closed in this experi- 
ment. 

The compressibility of the matrix material of a 
porous rock sample, c,, can be measured by replacing 
a part of the liquid in cup (1) by a saturated rock 
sample of known porosity. 

The compressibility of the rock bulk material, c,, 
can be measured in the same way, provided the surface 
of the core is completely covered by an impermeable 
coating. 

Through outlet (8) the pore volume of a jacketed 
core can be brought into connection with the pressure 
controller (9) provided with a measuring device similar 
to (4), (5), (6), and (7). This outfit enables the 
pressure in the pore volume of a (saturated) core to be 
varied and at the same time the variations in pore 
volume to be measured. 


With this arrangement the following measurements 
can be performed. 

1. Determination of the volume changes of bulk and 
pore volume with variations of the “external” hydro- 
static pressure, p,, at various levels of the pore pressure, 
p:. The latter is kept constant and is equal to the pres- 
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sure in pressure controller (9) during an experiment. 
The displacement of needle (4) of cup (1) measures 
the rock bulk compressibility, and that of the needle 
(10) of the receiver bomb (9) the pore compressibility. 

2. Determination of the compressibility of both 
bulk and pore volume under pore pressure variations, 


which are achieved by varying the pressure in the reser- 
voir bomb (9). Now the external pressure, p,, in cup 
(1) is kept constant at an arbitrary level. Again the 
volume variations of the bulk volume are measured with 
needle (4) and that of the pore volume with needle 
(10). 
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A. J. DE WITTE 
J. E. WARREN 
JUNIOR MEMBER AIME 


The theory of elastic deformations of rocks, which 
constitutes the first part of the Paper, appears to be 
identical with a theory given by Gassmann’ in 1951. The 
author does not acknowledge Gassmann’s priority. With 
reference to another paper by Gassmann’ he remarks 
that Gassmann’s theory is “correct but difficult to read.” 
Inasmuch as the Original paper’ is in German there is 
something to be said for this opinion. The following 
table of equivalent symbols serves to illustrate the cor- 
respondence between the two theories. 


Notation 
Gassmann Geertsma Meaning 
p p fluid pressure 
aS hydrostatic stresses (o = “over-all 
p (He te hydrostatic stress”; p = "excess 
frame pressure”) 
A ey El compression modulus of solid 
k Cr matrix material 
] 
k compression modulus 
Ch 
at dp = 0 
Gp shear modulus dp = 0 
These three 
1 
y Poisson's ratio interrelated 
Meb 
n f porosity 


Of course, comparing formulas and/or definitions in 
two theories and equating corresponding symbols does 
not necessarily prove that they are identical. In this 
case, however, Gassmann’s and Geertsma’s treatments of 
the subject are the same not only in their final results 
but also in their line of reasoning. Following are the 
essential elements of the argument in both. 

1. The total stress system in the bulk rock (solid 
frame + fluid) is divided in the customary way into a 
hydrostatic stress and a pure shearing stress. This over- 


all hydrostatic stress (o in the author’s notation) is the 
average of the normal forces on matrix and fluid per 
unit bulk area (includes area lying in solid matrix and 
area lying in pores) in the three principal directions. 

2. The bulk volume and pore volume are considered 
to be functions of the over-all hydrostatic stress and 
the fluid pressure only. 

3. The porosity is assumed constant if. both the 
over-all hydrostatic stress and the fluid pressure in the 
pores are varied by the same amounts (Geertsma, 
do = dp; Gassmann, dp =0). 

4. The volume changes due to arbitrary variations 
of the over-all hydrostatic stress and the fluid pressure 
are computed by the superposition of two effects: (1) 
the volume change caused by an equal variation of 
over-all hydrostatic stress and fluid pressure and (2) 
the volume change caused by the remaining variation 
in fluid pressure or in over-all hydrostatic stress alone. 


VOL. 210, 1957 


GULF RESEARCH & DEVELOPMENT CoO. 
PITTSBURGH, PA. 


5. An integral theorem (in any of several alternative 
forms; see Love, Sect. 121-123 [3]) is applied to the 
elastic solid matrix. 

Accordingly, the formulas arrived at by Gassmann 
and Geertsma for the changes of volume and porosity 
due to stress variations are the same. 

In fact this theory was largely, although not quite so 
specifically, anticipated in principle by Biot.* Items (1) 
and (2) are implicit in Biot’s work throughout. It is 
to be noted that (2), unless the total stress system is 
itself hydrostatic, limits the theory to infinitesimal 
strains, as properly considered by Gassmann; whereas 
Geertsma, from the title of his paper, is dealing with 
finite strains. Biot does not make assumption or claim 
(3). (Neither Gassmann nor Geertsma list [3] as an 
assumption and both argue that it must be true. The 
argument is not particularly convincing, but may be 
conceded as a point of minor importance.) Conse- 
quently Biot has no need for artifice (4). 

As regards item (5) Biot does not quote from Love 
and never mentions the reciprocity theorem as such. 
Instead, he derives his own. His result is, however, 
identical with the reciprocal relation of Geertsma 
(Eq. 4): 

Biot’s derivation is of interest in that it clearly shows 
the origin of the theorem as a condition of integrability 
of a strain-energy relation. It follows directly from the 
postulate of the existence of a potential energy function 
for a strained elastic solid body. 

If a spherical shell can be taken as a typical porous 
structure element, it is readily shown that the reciprocity 
theorem (cited under item [5]) and the constancy of 
porosity (required by [3]) are incompatible, unless 
= p. Otherwise the theory seems sufficiently well 
established. 

We permit ourselves a few critical remarks regarding 
the presentation. 

The author gives a table (Table 1 of the paper) 
translating Biot’s parameters in terms of his own. As 
already noted Biot does not make assumption (3) 
which makes his theory more general (his parameter, 


)» Only if point Gs 
granted are the relations in Table 1 of the paper cor- 
rect. Actually it would have been for the author to 
show that his and Biot’s theories are at all equivalent 
before any such conclusions could be drawn. Instead 
he announces that “a better insight into the physical 
background (of Biot’s parameters) has been obtained”. 
It is hard to see how this claim is justified, especially 
since Biot states quite plainly in words just what each 
of his constants is supposed to mean physically. 


| 
| 

3390 


Fig. 2, based on the experimental data of Carpenter 
and Spencer,’ does not prove or disprove any particular 
point of the author’s theory. Its use is therefore more 
or less gratuitous. What Fig. 2 does show is that some 
model theories, criticized by the author as bearing only 
a slight resemblance to actual porous media, conform 
to reality rather well, in this respect at least, that they 
predict the proportionality of the bulk volume change 
(and hence if the solid material is very incompressible, 
also the pore volume change) at constant fluid pressure 
with the two-thirds power of a. This goes not only for 
Brandt’s theory’ but indeed for any model based on 
Hertz’s theory of elastic deformation of spheres in con- 
tact, such as the earlier, even more idealized models of 
Hara*' and Gassmann.” 

In view of the fact that a description is given of an 
apparatus capable of measuring the diverse volume 
changes in question, the total lack of new experimental 
data in the paper is unfortunate. 

The author has neatly summarized previous theories 
of elastic deformation in rocks (although we feel that 


*Owing to a mistake in differentiating, most of Hara’s formulas 
are dimensionally wrong, but the error is easily corrected. 


his definition of o is ambiguous and should have been 
more precise) and in extending them by analogy to 
viscous deformations has made an interesting contri- 
bution. 
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AUTHOR’S REPLY to A. J. DE WITTE and J. E. WARREN 


The author did not claim any new- 
ness in dealing with the fundamentals 
of elastic deformations of porous 
rocks. What he intended to show is 
how it is possible to make a proper 
choice of deformation “constants” 
which are suited for practical experi- 
mental determination and to give use- 
ful relations between these experi- 
mental values and reservoir behavior. 
This has been clearly stated at the 
end of the introduction. 

Though it would have been pos- 
sible in principle to derive the final 
Eqs. 6 and 7 for the elastic case from 
the results of Gassmann or Biot, the 
direct derivation given here is shorter 
and was moreover believed to be 
more convenient for the uninitiated. 


The conditions for which the 
formulas are valid are included in the 
paper, and given these conditions 
there is not much room for discus- 
sion. However, after reading the pre- 
print, Biot and Willis’ produced an 
additional publication, read before the 
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Applied Mechanics Division Summer 
Conference of ASME in June, 1957. 
Accepting the inconvenience of an 
additional elastic constant, these 
authors succeeded in widening the 
applicability of the present theory. It 
is assumed that their extension of the 
theory will give a sufficient answer 
to the remaining comments of de 
Witte and Warren. 


The proposed experiments by Biot 
and Willis for measuring the defor- 
mation constants, however, are not 
easily carried out and thus these ex- 
periments do not meet the require- 
ments stated above. Therefore, I want 
to point out that this difficulty can 
be easily avoided by the use of meas- 
urements described in Appendix 3 
of this paper. The new symbols intro- 
duced by Biot and Willis correlate 
with those of the present paper as 
follows: 


Biot-Willis Author's paper 
K 
6 cr Uf). + feo-—ry 
y additional constant 
c Co 


For the measurement of the Biot- 
Willis set of elastic constants we have 
to measure with our apparatus: 


1 fe =) 
Vi\ 


where V, = V, — V, = rock matrix 
volume and y’ = y — fe,. 

The conditions for which our 
theory is valid give the additional 
relationship: 

or 

It was found that the condition 
8=c, is indeed fulfilled for the 
reservoir rocks studied in our labora- 


tory. 
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INT RODUETION 


Increasing emphasis is being placed on the necessity 
for obtaining reasonably accurate estimates of the phys- 
ical properties of reservoir fluids well in advance of more 
accurate laboratory data. One such factor is the isother- 
mal coefficient of expansion of an undersaturated hydro- 
carbon liquid which may be contained in a particular res- 
ervoir. This coefficient, or liquid “compressibility”, has 
often been assumed to be relatively insensitive and nearly 
constant. Although this assumption may be nearly cor- 
rect in the case of high specific gravity liquids, it-can- 
not apply in the case of medium to low specific gravity 
liquids. Any treatment of the nature of liquid compressi- 
bilities must give consideration to the variable nature of 
the isothermal expansion coefficient and the fact that it 
can be both pressure sensitive and temperature sensitive. 

The isothermal coefficient of expansion, or compressi- 
bility, of a substance is defined as 


The value of Eq. 1 may be approximated for a finite 
pressure change by using the well-known relation, 


V, 


c= (2) 
V, 
in which p, > p, and V, > V, and V, = fee as The 


instantaneous compressibility may also be estimated 
from the slope of a curve on which log V is plotted 
vs p’. In this instance, it has been shown that 


In 
(3) 


Eq. 3 may be used for variable compressibilities by plot- 
ting V vs p on semi-log paper. In this case, the instan- 
taneous or point compressibility is 


in which m is the slope of the curve at a point in log 
cycles per psi. 


Original manuscript received in Society of Petroleum Engineers 
office on July 18, 1957. Revised manuscript received Oct. 28, 1957. 
Paper presented at 32nd Annual Fall Meeting of Society of Petro- 
leum Engineers in Dallas, Oct. 6-9, 1957. 
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ISOTHERMAL COMPRESSIBILITY OF 
UNDERSATURATED LIQUID 


In the case of gases, the compressibility has been de- 
fined by Muskat’ and others as 


This was later generalized through application of the 
theorem of corresponding states* to 


1 
Pr  A\20p, 2, 


(5) 


= 


in which c, is defined as the pseudo-reduced compres- 


sibility and is numerically equal to (c.p,) and the sign 
is arbitrarily changed for mathematical convenience. 
Eq. 6 is general and applies to gases and liquids. In the 
case of liquids, c, = c,p., but if Eq. 6 is used, values of 
z and 0z/dp, must be determined for the liquid in ques- 
tion. The difficulty of obtaining accurate values of 
dz/Op,, particularly in the region where T, is approach- 
ing 1.00, was pointed out in the previous paper’. This 
method of approach is unreliable for extension into 
computations of liquid compressibilities. On the other 
hand, c, can also be defined as follows: 


and from which, 
Op. 
Pr OD, T, 


In accordance with the theorem of corresponding 
states, V. = V/V., p, = p/p, and p; = p/p. Ref. 2 pro- 
vides an excellent source of reduced density, reduced 
pressure and reduced temperature data for a wide variety 
of fluids. For the purpose of this investigation, the set 
of fluids’ having z, = 0.27 was chosen because it in- 
cludes most of the heavier hydrocarbons usually found 
in those complex mixtures loosely defined as “reservoir 
oils”. Data on undersaturated liquids in Ref. 2 were re- 
arranged to conform with Eq. 8. To simplify the com- 
putation of c,, the isothermal p, data were plotted vs the 
log of p,, in which case for any straight line or tangent 


1 
(9) 
M p, 


where 


Pre Pri 

The results of these calculations are shown graphically 
in Fig. 1. The values of c, for various constant values 
of T, between 0.9 and 1.1 were easily determined and 
presented none of the difficulties inherent in the use of 
Eq. 6. The determination of values of c, as p, and p, 
approach 1.00, however, is somewhat difficult inasmuch 
as these values depend entirely on the slove of the re- 
duced pressure-volume curves at the critical pressure. 
For any given value of T,, c, approaches a maximum, 
and dc,/dp, approaches zero as p, approaches 1.00. The 
values of c, decrease in the saturated liquid region where 
p, <1. Since the scope of this study is limited to un- 
dersaturated liquids, however, no values of c, for p, 
less than 1.00 are shown in Fig. 1, although it is pos- 
sible for the composition of either a pure fluid or a 
complex mixture to remain constant for some values of 

< Pe 
Fig. 1 probably presents a reliable relation between 
c,, pr, and T,, upon which almost any conceivable com- 
plex mixture of undersaturated hydrocarbon liquids can 
be placed. Obviously, if the values of p, and J, are 
known, or can be calculated from an analysis, values 
of c, can be determined as readily as values of c, using 
the same methods outlined in Ref. 1. The fact remains, 
however, that values of p, and T. are not usually avail- 
able for reservoir oil. Such mixtures usually have a high 
C;* content, and it is just as difficult to obtain values 
of p. and T, for this fraction as it is for the entire com- 
plex mixture. At this point, therefore, the very prac- 
tical problem of placing a particular complex mixture 
of liquids in Fig. 1 is apparent. The solution of this 
problem appears to be in the direction of using the ac- 
tual measured compressibilities of mixtures which have 
already been studied. It is evident from Fig. 1 that com- 
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pressibility must be a very sensitive parameter which is 
directly related to the pseudo-critical temperature and 
pressure of either a complex liquid mixture or a pure 
fluid when T, < 1.0 and p, > 1.0. 

Since c, = cp, and p. = p/p,, the following isother- 
mal relationship becomes self-evident 

The isothermal compressibility relationships of all 
single-phase constant composition fluids, whether liquids 
or gases, have to vary in accordance with the above law. 
This law is particularly important in the case of under- 
saturated liquids. A closer inspection of Fig. 1 reveals 
that the isothermal compressibilities all have a consid- 
erable “straight-line” portion in which there is a linear 
relation between log c, and log p,. Also, as T, increases, 
the straight-line portion tends to lengthen. In the 
straight-line portion of Fig. 1, 


A =C, pr = Cr, Cr = Gry Da 


It is evident that for most undersaturated liquids 
under a given isothermal condition, there is a wide 
pressure range in which c, p, and c,p are very nearly 
equal to the same constant, “A”. It is also evident that 
if the compressibility of an undersaturated liquid has 
been measured at a fixed temperature and in a pressure 
range obviously high enough to be on the straight-line 
portion in Fig. 1, then the pseudo-critical temperature 
of the undersaturated mixture can be established. Using 
this method (c;.p) establishes a value of A—and only 
one value of 7, in the straight-line region of Fig. 1 will 
satisfy the requirement that (c,.p,) also be equal to that 
particular value of A. If the actual temperature at which 
the measurement was made is known, the pseudo-critical 
temperature can be estimated since T, = T/T,. 


A large amount of bottom-hole sample data has been 
obtained by the oil industry which can be used in mak- 
ing estimates of pseudo-critical temperatures from reser- 
voir oil compressibilities. Unfortunately, however, much 
of the data has not been recorded in a high enough pres- 
sure range to be of value in making accurate pseudo- 
critical temperature estimates. To be certain that the 
compressibilities are in the straight-line portion of Fig. 
1, such data should be recorded at pressures above 3,000 
psia. The writer was able to secure acceptable data on 
approximately 50 bottom-hole samples of reservoir oil. 
Isothermal pressure-volume data in the undersaturated 
region and above 3,000 psia had been recorded on these 
samples by various commercial laboratories. From these 
data, and through the use of Refs. 3, 4, and 6, the curves 
shown in Fig. 2 were developed. In order to develop Fig. 
2, the following procedure was used on each sample. 

is The Specific gravity of the reservoir liquid at 
reservoir temperature was corrected to its value at 60 
°F through the use of Ref. 3. 

2. The bubble-point pressure of the reservoir oil at 
reservoir temperature was corrected to its value at 60 
°F through the use of Ref. 6. 

3. The compressibility of the Sample, c,, was esti- 
mated in most instances with Eq. 2, though occasionally 
for low specific-gravity samples, Eq. 3 was necessary. 

4. The value of A was determined by multiplying the 
above value of c, by the average pressure in the interval 
across which c, was measured. From this value of A, the 
pseudo-reduced temperature and pseudo-critical tem- 
perature of the bottom-hole sample was estimated using 
Figo: 


The data used in constructing Fig. 2 were used in 
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conjunction with Ref. 4 in the preparation of Fig. 3. 
Assuming that the pseudo-critical temperatures in 
Fig. 3 are correct, the corresponding critical pressures 
may be read from Ref. 4. The pseudo-critical pressures 
_-thus_ obtained, however, probably represent minimum 
values since the data in Ref. 4 are based on known 
boiling points at atmospheric pressure. Referring to Fig. 
1, it becomes more evident that high specific-gravity 
liquids (about 0.85), having p, about 300 psia, will have 
T, on the order of about 0.5. Pressures in éxcess of 
3,000 psi will be necessary in order to keep p, above 
about 10 (see Fig. 1). Samples in this range, however, 
often can be placed on Ref. 5. This should give an ac- 
ceptable estimate of pseudo-critical pressure for making 
compressibility estimates in the low pressure range. On 
the other hand, low specific-gravity material (about 
0.64) will have critical pressures higher than 550 psi. 
T, will usually be from 0.70 to 0.90. Pressures in ex- 
cess of 3,000 psi will be necessary in order to keep p, 
above about 5 (see Fig. 1). These samples are generally 
found in higher pressure reservoirs and tend to have 
high bubble-point pressures. For such mixtures, there 
is often no necessity for estimating compressibilities be- 
low 2,500 or 3,000 psi. Ref. 5 cannot be used for sam- 
ples in the lower specific-gravity range, since the critical 
temperatures of the mixtures in this range are generally 
lower than 400 °F. 

Through the use of Figs. 1, 2 and 3, and Refs. SG S) 
and 6, it should now be practical to make estimates of 
the critical properties and compressibility behavior of a 
reservoir oil from field data. Assuming that reliable es- 
timates of producing (assumed solution) gas/oil ratio, 
separator gas gravity, stock-tank oil gravity, and reser- 
voir temperature are available, an estimate of the bub- 
ble-point pressure can be made through application of 
Ref. 6. The estimated bubble point at reservoir tem- 
perature can also be corrected to its estimated value 
at 60 °F by means of Ref. 6. If reservoir oil is in 
the tubing near the bottom of the well, its specific grav- 
ity can be estimated with pressure-gradient data from a 
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bottom-hole pressure instrument using the following re- 
lation. 


dp/dh 
0.433’ 


in which dp/dh is measured in psi/ft. In using Baas: 
the well should be produced prior to shut in with the 
bottom-hole flowing pressure well above the estimated 
bubble point to insure the presence of reservoir oil in 
the tubing. The temperature of the reservoir oil at its 
estimated point of dp/dh measurement in the tubing 
should also be recorded. The specific gravity of the 
reservoir oil thus obtained can be corrected to its value 
at 60 °F by means of Ref. 3. The estimated specific 
gravity and bubble-point pressure at 60 °F thus obtained 
can be used in conjunction with Fig. 2 to obtain the 
pseudo-critical temperature of the undersaturated reser- 
voir oil. The pseudo-reduced temperature, T,, of the res- 
ervoir oil can be evaluated from the ratio of absolute 
reservoir temperature and critical temperature. In the 
case of undersaturated liquids, T, < 1 and Pe >a Re= 
ferring now to Fig. 1, it will be noted that for p, = 10, 
practically all of the T, values are in the straight-line 
portion. Also, the value of (c,.p-) can be read directly 
from the graph by reading the value of c, at p, = 10 and 
moving one decimal point to the right. For example, at 
p, = 10 and T, = 0.7, c, = 0.00325 and C,.Pr = 0.0325. 
Since the reservoir pressure and (c,.p,)are known, Eq. 
12 gives the actual compressibility of the assumed un- 
dersaturated liquid, c,, at that reservoir temperature and 
pressure. Values of c, at various reservoir pressures 
may be estimated if the value of (c,.p,) is in the straight- 
line portion of Fig. 1. In some instances Fig. 3 will be 
useful in making estimates of p. in order to determine 
whether (c,.p,) is on the straight-line portion of Fig. 
1. For high specific-gravity liquids, however, Ref. 5 
should provide a more reliable estimate of Dec 


Specific gravity = (GIS) 


EXAMPLE 1 
GIVEN 
1. Reservoir temperature 166 °F; 626 °R 
2. Pressure gradient of reservoir liquid at 3,035 psia, 


and 208 °F, psi/ft 0.266 
3. Producing (est. solution) gas/oil ratio, 
cu ft/bbl 900 
4. Separator gas gravity (air = 1.0) 1.00 
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S. Stock-tank oil gravity, °API 43 
6. Reservoir pressure, psia 3,035 
FIND 


1. Compressibility of reservoir oil above bubble point. 
2. Pseudo-critical temperature of reservoir oil. 
3. Pseudo-critical pressure of reservoir oil. 


SOLUTION 

1. From Ref. 6, bubble-point pressure at (a) 166° 
F = 2,070 psia, and (b) 60° F = 1,650 psia. 

2. From Eq. 13 and Ref. 3, specific gravity of reser- 
voir oil at (a) 166° F = 0.634, and (b) 60° F = 0.689. 

3. From Figs. 2 and 3 (a) 7, 2<R = 790; (b) 7, = 
626/790 = 0.79, and (c) P., approx., = 520 psia. 

4. From Fig. 1: (a) for T, = 0:83, c,.p,-=0.047 in 
straight-line region, (b) straight-line region exists for 
Pp, > 4 and p > 2,100 psi, and (c) c,p = 0.047 from 
estimated bubble point. 


X 10-°  psia-2 


p Calculated Measured 
2,500 18.8 16.8 
3,515 13.4 13.6 
4,505 10.4 11.6 
EXAMPLE 2 
GIVEN 


1. Reservoir temperature 134°F;_ 594°R 
2. Pressure gradient of reservoir liquid at 

4,500 psia and 134°F, psi/ft 0.35 
3. Bubble-point pressure from field data 

and Ref. 6, psia 


(a) At 134°F 1,069 
(b) At 60°F 900 
4. Reservoir pressure, psia 4,500 


FIND 

1. Compressibility of reservoir oil between bubble 
point and reservoir pressure. 

2. Pseudo-critical temperature of reservoir oil. 

3. Pseudo-critical pressure of reservoir oil. 


SOLUTION 

1. From Eq. 13 and Ref. 3, specific gravity of reser- 
voir oil at (a) 134° F = 0.808, and (b) 60°F = 0.84. 

2. From Fig. 2 (a) T, = 965°R = 505°F, and (b) 
T, = 594/965 = 0.615. 

3. From Ref. 5 p, = 710 (at 505°F) and specific 
gravity = 0.84. 


X psia-1 


p Pr Cr (pr.cr) Calculated Measured 
1,500 -0064 -0136 9.05 
2,500 3.52 -0053 -0187 7.45 6.76 
4,000 5.63 -0040 -0225 5.64 5.97 
4,505 — .0225 5.00 


Dass 


The preceding examples show a comparison of the 
compressibilities calculated from field data with values 
measured on bottom-hole samples taken from the same 
reservoirs. Example 1 illustrates the methods used when 
(c,.p,) can be assumed constant and the actual value of 
p- is immaterial. Example 2 illustrates the methods 
used when a reliable value of p, is available, but 
(c,.p,) is variable. 

Assuming that the reservoir temperature had been 
higher for the same materials in Examples 1 and 2, 
the compressibility of the reservoir oil would have been 
increased. For instance, at 4,505 psia and 266°F for 
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Example 1 and 230°F for Example 2, the following 


is observed. 
Calculated 
Xx 10-°  psia-? 


p Tr (¢r-pr) + 100 °F Res. Temp 
Example 1 4,505 -92 -086 19.1 10.4 
Example 2 4,505 flr .035 7.8 5.0 


It is obvious from the above and from Fig. 1 that 
all isothermal compressibilities are pressure sensitive, 
and that all isobaric compressibilities are temperature 
sensitive. 


CON CE 


The foundations underlying the physical determina- 
tion of instantaneous isothermal coefficients of expansion 
(compressibility) have been outlined. A simplified 
graph, which relates the pseudo-reduced compressibil- 
ity of undersaturated liquids with reduced pressures and 
temperatures, has been presented together with correla- 
tions designed to place actual complex liquid mixtures 
on the graph. It is indicated that the isothermal com- 
pressibility of undersaturated hydrocarbon liquids of 
unknown composition is actually a sensitive parameter. 
This parameter can be used in estimating the critical 
temperature and pressure of such liquid mixtures. 


NOMENCLAT.U RE 


T = °F or °R as noted 

p = density, lb/ft’ 

L = length, ft 

V = volume, cu ft 

p = pressure, psia 

c = compressibility, psia’, — (=) 

> V op 

pV 

Z = gas compressibility factor, ORT 


z. = value of z at critical temperature and pressure 
for a pure fluid 


SUBSCRIPTS 


1 = conditions at a lower pressure 

2 = conditions at pressure higher than at condition 1 

c = denotes pseudo-critical temperature or pressure 

r = denotes pseudo-reduced temperature, pressure or 
compressibility 

g = denotes single-phase gas 

L = denotes single-phase undersaturated liquid 


ACKNOWLEDGMENT 


The author wishes to thank the management of Tide- 
water Oil Co. for permission to prepare and publish this 
paper. 


REFERENCES 


1. Trube, A. S.: “Compressibility of Natural Gases”, Trans. 
AIME (1957), 210. 


2. Lydersen, A. L., Greenkorn, R. A., and Hougen, O. A.: 
“Generalized Thermodynamic Properties of Pure Fluids’, 
Univ. of Wisconsin Engr. Exp. Sta. Report No. 4, 53, 69. 


3. Brown, Katz, et al.: “Natural Gasoline and The Volatile 
Hydrocarbons”, NGAA (1948), Fig. 37. 


4. Ibid, Figs. 53 and 54. 
5. Ibid, Fig. 60. 
6. Standing, M. B.: Volumetric and Phase Behavior of Oil 


Field Hydrocarbon Systems, Reinhold Pub. Corp. (1952 
Attached Nomograph Chart No. 2. u orp. ( Ne 


7. Muskat, M.: Physical Principles of Oil Producti : 
Graw-Hill Book Co., Inc., New York (1949) 30. eae 


PETROLEUM TRANSACTIONS, AIME 


A Diffusion Model to Explain Mixing of Flowing Miscible 
Fluids in Porous Media 


J. S. ARONOFSKY 
ASSOCIATE MEMBER AIME 
J. P. HELLER 


MAGNOLIA PETROLEUM CO. 
DALLAS, TEX. 


T. P. 4668 


ASB SS 


This paper presents a mathematical analysis of the 
fluid mixing which occurs during flow through porous 
media. The analysis is based on the well-known diffusion 
equation with mass transfer term. It is pointed out that 
the use of this equation is justified by a single general 
assumption which does not specify any particular mech- 
anism for the mixing process. Formulas are given for 
tracer fluid concentrations for two different boundary 
and initial conditions. Calculated numerical values com- 
pare closely with some published results of experiments 
in which no viscosity or density difference existed 
between displaced and displacing fluids. 


ENT RODUC TIO N 


A phenomenological theory of the mixing and dif- 
fusion process is presented for the flow in a porous 
medium of two miscible liquids of equal viscosity and 
density. This is based on the classical diffusion equation 
which has been used to explain such processes as 
Brownian motion and heat conduction. More recently, 
this same differential equation has been derived (in a 
manner analogous to the work in this paper) for the 
problem of heat transfer during fluid flow in porous 
media.’ The purpose of this paper is to show that the 
available experimental evidence justifies the use of this 
simple diffusion equation. The recent data of Koch and 
Slobod’ and of von Rosenberg’ are used to test this 
diffusion model by comparing concentration curve 
shapes and calculating “effective diffusion coefficients”. 

The same differential equation for miscible displace- 
ment, as well as some experimental confirmation, has 
been published in Japan by K. Yuhara,‘ and recently 
in this country by Day.® Yuhara arrives at his con- 
clusions through analogy with turbulent diffusion, de- 


Original manuscript received in Society of Petroleum Engineers 
office on April 26, 1957. Revised manuscript received Sept. 5, 1957. 
Paper presented at 32nd Annual Fall Meeting of Society of Petro- 
leum Engineers in Dallas, Oct. 6-9, 1957. 
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scribing the microscopic velocities in terms of “eddy 
motion” — although unlike the ordinary eddies of 
hydraulics. Day proceeds directly from Scheidegger’s* 
concept of the dispersion of velocities. After a very 
clear description of Scheidegger’s theory, he applies it 
to calculate the motion first of a drop and then of a 
thin layer of brine into a bed of sand. For the latter 
case, Day derives and solves the same differential 
equation as Eq. 1. 

In our presentation no detailed assumptions are made 
as to the mechanism of displacement. In fact, several 
microscopic processes may well be involved—the only 
general assumption made is that their cumulative micro- 
scopic effect may be described by the addition of a 
second-order term to the differential equation of con- 
tinuity. 


DERIVATION OF EQUATIONS 


Let us consider the displacement in one spatial 
dimension of Liquid A from a sample of porous media 
by Liquid B. A and B are assumed completely miscible 
and of the same viscosity and density. Both fluids are 
also assumed to be incompressible and it is specified 
that the total flow is the same for any cross section. 
It is evident that the rate at which Liquid B would be 
carried across such a section would be given by the 
product of the fluid velocity, u, and the concentration, 
C, of B in the fluid mixture assuming the constancy of 
u and C over the cross section. Since the volume of 
Fluid B is conserved, this leads to the one-way wave 
equation 

where x increases in the direction of u—the “Darcy 
velocity”, O/A (or velocity flux per unit area), and ¢ 
is the fractional porosity. Consider the case where fluid 
B is displacing Fluid A and the concentration distribu- 
tion is represented by a step function (with a vertical 
discontinuity). The solution of Eq. 1 predicts no mixing 


| 
| 
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or spreading of the two liquids, and predicts that the 
vertical discontinuity (or “front”) will be propagated 
undistorted with a velocity, u/¢. 

Experiment contradicts this simple result, however, 
and one observes instead a “transition zone” between 
the fluids which lengthens monotonically. Although the 
details of the process by which this occurs may be 
quite complex, it is possible to make a rather simple 
assumption which leads to much better agreement with 
experiment. 

Whatever other mechanisms exist by which mixing 
occurs, if we assume only that they operate in such a 
way what Liquid B is carried across a cross section at a 
rate proportional to the concentration gradient (in 
analogy to Fick’s law of diffusion) we obtain 

5 oC oC 


This is the well-known diffusion equation with a mass 
transport term. Here the coefficient, S, of the second- 
order term is called the effective diffusion coefficient 
and is expressed in units of cm’*/sec. It is assumed not 
to depend on concentration, but may depend on flow 
tate, microscopic geometry and fluid properties. It is 
to be noted that S is not necessarily related to the mole- 
cular diffusion constant of the liquids. In fact, the 
experiments analyzed with the aid of Eqs. 4 and 5 show 
S to be considerably greater than what might reasonably 
be expected to be the molecular diffusion constant. 
Yuhara also makes this point. 

For convenience, dimensionless variables y and 64 
may be introduced, where 


y=x/l 
ut 
(2A) 
and S is absorbed into the dimensionless parameter, 
B 
5 


Eq. 2 then becomes 
_ eC _ 


Consider the initial and boundary conditions: 
C (0,6 > 0) = 


where the concentration, C, goes from 0 to 1 as the 
fluid composition changes from pure A to pure B. 
Under these circumstances the solution to 3 is 


given by 
erfc =— 
2\ va ) 


C (y,@) = 
e er Vv (4) 


It is not a simple matter to conduct a physical experi- 
ment that will duplicate the mathematical boundary 
conditions of Eq. 3A. 

1. Input end—The boundary condition at the input 
end requires that C, at y = 0, must be abruptly changed 
from O to 1 as the experiment commences. This is 
called a step-function input. A simple and direct experi- 
mental method for obtaining this boundary condition 
is to attempt to suddenly shift from injecting Fluid A to 
injecting Fluid B. However, subtle experimental difficul- 
ties may be encountered in carrying this out. 

2. Output end—The output end of the porous core 
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can be specified to be y = 1, but Eq. 4 is valid for an 
infinitely long core (c = 0 as yo). Hence, the tacit 
assumption is made that Eq. 4 can be used to repre- 
sent the output concentration by putting y = 1 in this 
equation. (Analytical solutions for finite cores are cer- 
tainly obtainable, but such solutions are not considered 
in this paper.) 

Eq. 4 can be simplified because the second term 1s 
small except near the inlet end, y = 0, at small values 
of time, @, unless S is quite large. It may then be 
omitted in calculations except in the region mentioned. 
It is of interest to introduce the solution when the con- 
centration at the input end is represented by a rec- 
tangular “slug” of Liquid B of width 8 (expressed as 
a fraction of pore volume). This “rectangular input” 
solution is obtained by shifting and superimposing the 
simplified version of Eq. 4. If the center of the slug is 
at y = O at 6 = O, the equation is 


values of C(y,#) and C,(y,8) were computed on a 
digital machine. 


ANALYSIS OF THE RESULTS OF KOCH 
AND SLOBOD 


The data of Ref. 2 are evaluated in this section in 
terms of the diffusion model described above. The 
graphical results of the “cycling runs” given in Figs. 
3 and 4 of Ref. 2 were examined under the same 
assumptions made by the experimenters—namely, that 
the consecutive concentration peaks can be treated as 


‘observations at stations spaced at regular intervals along 


a single long core. Although Koch and Slobod plot 
concentrations against distance, we presume these to 
be really plots vs time, and have accordingly converted 
to dimensionless time or fraction of pore volume flowed. 
Using the heights of successive peaks (including the 
first rectangular “pulse’’), we have chosen values of the 
coefficient a for best fits (theoretical curves of peak 
height vs number of passes or cycles) to the given data. 
These curves are shown in Fig. 1 (Case A being the 
20-ft unconsolidated sand column and Case B being 
the 9-ft Torpedo outcrop sample). With the value of 
a, selected as above, output concentration curves for 
the first and sixth pass were computed and are shown 
as circles in Fig. 2. The experimental results are shown 
as solid lines in Fig. 2. It is quite evident that the “fit” 
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is extremely good for a = 46.0. The same calculation 
is done for the first, second, third and fourth Passes 
through the Torpedo core and are shown as the dashed 
curves in Fig. 3 with an a of 21.0. The dimensionless 
“diffusion factors”, a, describe the combined system of 
core and fluid circulating equipment. (It may be that an 
appreciable part of the observed spreading and mixing 
was due to the recirculating equipment; i.e., pump and 
capillary tube. A more careful evaluation of this factor 
is required.) 

An important discrepancy now appears in the com- 
parison between theory and experiment in Fig, 3. The 
experimental data have a decided lack of symmetry, 
whereas the theory predicts an essentially symmetric 
curve for the values of a, y, and @ of interest when 
subjected to a symmetric input. Therefore, this equation 
with a symmetric input cannot predict the skewness 
shown by the data of this case. The reason for this dis- 
cordance might be theoretical or experimental; either 
(1) the use of a single constant, S, might be inadequate 
to describe the spreading in this core material at this 
flow rate, or (2) the experimental conditions might 
have been such as to introduce skewness, particularly 
in the initial slug which was assumed rectangular. This 
possibility is examined by the construction, by convolu- 
tion (see Appendix), of a solution to Eq. 3 when the 
input concentration is the skewed curve given in Koch 
and Slobod’s Fig. 4 as Pass 1. The convolution process 
is repeated so that Pass 3 is computed from the experi- 
mental curve of Pass 2, and 4 from 3. The output con- 
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centration curves computed in this manner are shown 
by the solid circles in our Fig. 3. It can be seen that 
the asymmetry of the experimental curves is well pre- 
dicted by this hypothesis. Such skewness might be intro- 
duced by flowing through constrictions at the ends such 
that the entire end faces of the sample were not ac- 
cessible to the changing concentration simultaneously, 
This would have its largest effect on the first, relatively 
narrow slug. This presumed mechanism would lead to 
curved streamlines at the ends of the core rather than 
the parallel streamline concept expressed in Eq. 2. From 
analogy with the well-known areal sweep-out problem, 
it is anticipated that such deviations can cause skew- 
ness as well as additional spreading of the output con 
centration curves. 


ANALYSIS OF THE RESULTS OF 
VON ROSENBERG 


In this experiment, single-step inputs were used— 
that is, Liquid B was displaced by Liquid A which was 
then flowed continuously. The resulting S-shaped curves 
of concentration are given by von Rosenberg as Figs. 
1, 2 and 3 on page 56 of his article. These curves were 
obtained with three different length packs of Ottawa 
sand (1, 2, and 4 ft long), each run at three different 
flow rates. From the time rates of change of concen- 
tration at 6 =1 and C=0.5, we have calculated 
effective diffusion coefficients, S, for each of these nine 
runs and plotted these against flow rate in Fig. 4. S is 
calculated from the formula 

74 (0C/00)’ 
The slope of the straight line on this log-log plot indi- 
cates that the effective diffusion coefficient increases 
approximately as the 1.2 power of the flow rate in this 
velocity range. It is to be noted also that this curve 
indicates the experimental independence of S and L. 

Table 1 gives the values of S, u/d, and permeability 

k for each of the above cases. 


THE “LENGTH OF THE FRONT” 
MEASUREMENT 


Von Rosenberg comments on the difference between 
the definition of “length of the front” in terms of dis- 
tance between the 10 per cent and 90 per cent points 
on the concentration curves, and the measurement in 
terms of time-or pore volume efflux between the same 
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TABLE | 
v/@ k 
ft/day cm?/sec darcies Reference 
81 4 X 10-8 0.4 (2) 
120* 7.2. 10% (3) 


*Approximate values of displacement velocity quoted in Ref. 3 
**Average value for three cores 


two points. He presumes that this difference is probably 
quite small. The following brief analysis of Eq. 4 will 
demonstrate the validity of his supposition in this case. 

If Eq. 4 is rewritten in terms of real distance and 
time variables and the second term dropped, we have 


1 
The argument of the error function complement at 


C = 0.10 and 0.90 is + and — 0.9062 respectively. 
Thus, 


at these two points. If a “snapshot” of the concentration 
profile be taken at time, 7, the concentration will be 
observed to be 0.90 at x= X(1 —m); 0.5 at x = X; 


and 0.10 at x = X(1 + n), where T = £ X. Then to 


determine m, we substitute for t and x in Eq. 7 above 
to obtain 


S 
4 
Similarly, n = 1.8124 2) 
y, : 


The “length of front” measured from the snapshot as 
a fraction of the distance, X, is then 


(m +n) = 3.6248 


or = 3.6248 ss , where a is defined in Eq. 2B. 
a 


If, on the other hand, we observe the concentration as 
a function of time at a station X cm from the input end, 
we will measure a concentration of 0.10 at t = (1 — v) 
T; 0.50 at t = T and 0.90 at t = (1 + A)T. Here again 
T is the time required for a pore volume (up to point X) 
to have been injected. To evaluate v, we substitute for 
x and ¢ in Eq. 7 to obtain 


(Gls 


yielding the quadratic equation 
+ Av — A =0, where A = ( 181244) 
Xu 
Selecting signs to give a positive v, we have from this 


(5) -4. 
2 2 


Similarly we find 


A\? A 
(3) +4 
Thus, the sum (\ + v), which is the “length of front” 
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in fractional pore volume as measured by von Kosen- 
berg, is 


(Atv) = 244 (5) 


It will be observed that if am is less than 2 X 10°, 


then (A + v) will exceed (m+ n). by less than 1 per 
cent. The assumption von Rosenberg made concerning 
the lengths of front was therefore fully justified in his 
experiments. 


The equations developed in the first part of this note 
seem to be quite applicable to the results of experiments 
in which the fluids used are hydrodynamically similar. 
The results of experiments are well predicted after the 
choice of but one parameter, the effective diffusion co- 
efficient, S. The conclusion of von Rosenberg that the 
length of front is proportional to the square root of the 
distance traveled is supported by Eqs. 8 and 9, although 
it appears from Eq. 5 that the peak height in a slug 
displacement cannot be represented over any extended 
region by so simple a relation as Koch and Slobod’s 
equation on page 42 of their text. 

Koch and Slobod detect no appreciable change in 
the profiles with flow rate—this is tantamount to the 
conclusion that S varies linearly with flow rate. Von 
Rosenberg’s data, with displacement velocities from 2 
to 120 ft/day in 7-darcy sand packs, display an increase 
of S somewhat faster than linearly with flow rate. It is 
interesting to note that if Taylor’s’ formula for capil- 
laries applied here exactly, S would vary with the square 
of the flow rate; whereas, if S were independent of flow 
rate the output concentration would be sharper at higher 
flow rates, in accordance with von Rosenberg’s consid- 
erations of residence time. 

By further intuitive extension of Taylor’s theory, the 
effective diffusion coefficient observed in porous media 
should be larger in higher permeability materials, and 
should vary inversely with the molecular diffusion co- 
efficient. Further careful experiments, to determine the 
effects of flow rate over a wider range of pore size and 
of the mutual molecular diffusion coefficients of the 
liquids used, need to be performed to determine the 
limits of usefulness of the equations presented herein, 
as well as to check further the points of analogy with 
Taylor’s theory. 


On the other hand, it is not at all apparent that either 
Eq. 2 or Day’s extension of Scheidegger’s work should 
be applicable to the case in which the two liquids are 
of different viscosities. It seems highly desirable that 
careful experiments on such displacement also be per- 
formed. 


CONGCIZUSLONS 


On the basis of the good agreement between reported 
experiments and the rather simple theory described here, 
it is concluded that the effective diffusion coefficient can 
serve as a single parameter for the description of a 
linear miscible displacement with no viscosity or density 
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contrasts. The variation of this Parameter with velocity 
is such that a small but definite increase in “mixing 
zone length” with displacement velocity is observed at 
this range of fluid velocities. 
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APPENDIX 


The convolution integral was used in the following 
manner to calculate the output concentration distribu- 
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tion (at y= 1) fora general, unsymmetrical input con- 
centration (at y = 0). 

1. Introduce the symbol h (6) to represent the out- 
put concentration to a “spike or impulse” input. This 
impulse response is obtained by differentiating Eq. 4 
with respect to 0, and letting y = 1. 


a af 1 —\* 

(10) 

2. Let F,(@) represent the experimental curves 
(solid lines) shown in Fig. 3. They are the output con- 
centration distributions recorded in Ref. 2 after the 
first, second and third passes through the porous core. 
Hence, F; represents the output concentration for the 


i” pass. 


3. The F;,,, (6) distribution is predicted from the 
F;(@) distribution by numerically calculating the fol- 
lowing convolution integral. 


6 


= [F i = 1.23 


= 


4. The solid circles of Fig. 3 were determined from 
the above Eq. 11. took 
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DISCUSSION 


C. R. McEWEN 
JUNIOR MEMBER AIME 


In the recent paper of Richardson and Perkins 
entitled “A Laboratory Investigation of the Effect of 
Rate on Recovery of Oil by Water Flooding,” the 
authors found very little apparent effect on oil recovery 
of having free gas saturation present prior to water 
flooding in unconsolidated sands. We agree that the 
effect in this particular system was small but do not 
feel that the data presented should be regarded as dis- 
proving work of others which has shown an appreciable 
effect. The authors do not make such a claim, but 
neither do they advance an explanation of the difference. 

In our experience the following factors must be care- 
fully considered when studying the relation between 
residual oil saturation after water flooding and initial 
free gas saturation: (1) the magnitude of the inherent 
residual oil saturation, i.e., the residual oil saturation 
with no free gas; (2) the increase in oil-water viscosity 
ratio with pressure lowering if the gas saturation is 
obtained by solution gas drive; and (3) the oil shrinkage 
which occurs with pressure lowering and gas evolution. 

The system studied by Richardson and Perkins gave 
residual oil saturations as low as 20 per cent without 
free gas present, and one should perhaps not expect 
much further lowering. As an illustration of the magni- 
tude of the effect when the residual oil saturation is 
inherently higher we submit the accompanying figure. 
These data were obtained on an unconsolidated sand 
under elevated pressure in a system similar to the one 
described by Richardson and Perkins. Gas saturation 
was established by gas drive before water flooding. The 
viscosity ratio was 600:1 under the conditions of the 
displacement. Here the gas was extremely effective in 
reducing residual oil saturation. This fact was also 
indicated by Kyte, et al.’ Their plots of residual oil 
saturation vs initial gas saturation show trends of greater 
free gas effect with higher oil viscosities. 

The pressure-dependent effects were not discussed by 
Richardson and Perkins. They should be separated from 
the free gas effect if the objective of the study is a 
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correlation of residual oil saturation vs initial free gas 
saturation. The increase in oil viscosity when gas is 
released from solution tends to increase residual oil 
saturation. This effect is rather small in the viscosity 
range of kerosene. A Buckley-Leverett calculation, as- 
suming an increase in viscosity ratio from 1.2 to 1.8, 
indicates an increase in residual oil saturation of about 
1 per cent of pore volume. Thus, one would expect this 
system, if operated at constant viscosity ratio, to show 
a Slightly greater free gas effect. 


As Dyes’ has shown, oil shrinkage can offset the 
beneficial effect of free gas on waterflood oil recovery, 
if the gas saturation is established by depletion. Since 
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Richardson and Perkins reported residual oil satura- 

tions, rather than stock-tank recovery, the shrinkage 

effect is already included in their results. 
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AUTHORS’ REPLY to C. R. McEWEN 


We agree that the small effect of free gas on recovery 
by water flooding noted in our investigations with 
unconsolidated sands does not disprove the work of 
others. The effectiveness of free gas in lowering residual 
oil is probably dependent on the pore size distribution 
and the characteristic shapes and interconnections of 
the pore spaces and the wettability of the rock. Thus, 
the effectiveness of free gas found in the laboratory is 
probably dependent on the treatment and characteristics 
of the particular porous medium in question. In natural 
cores which have been carefully preserved at the well 
site, the residual oil saturations after water flooding are 
often extremely low.’ Perhaps one cannot expect free 
gas to be of much benefit in reservoirs which have 
inherently low residual oil saturations. 

We agree with McEwen‘s three factors for consider- 
ing the relation between residual oil saturation after 
water flooding and initial free gas saturation, We believe 
that three additional factors should also be considered: 
(4) the fraction of the reservoir sand in which a gas 
saturation can be established by the injection of gas; 
(5) the effect of the gas saturation on the fraction of 
the reservoir sand contacted by water, i.e., on the volu- 
metric sweep-out efficiency; and (6) the effect of a 
free gas saturation on lowering the permeability to oil 
and hence, lowering the productivity of the wells. 

These latter three factors are always of importance 
and are of considerable importance if the oil is very 
viscous. 
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It has been shown by Craig,’ et al, that in frontal 
drives in horizontal sands only a small part of the 
reservoir is contacted for the case in which the injected 
fluid has a different density and the mobility ratio is 
extremely unfavorable. The gas tends to segregate by 
gravity and channel over the oil. Also, as shown in the 
present paper, gas tends to channel preferentially 
through the permeable sands. The fraction of the reser- 
voir contacted by water in flushing the reservoir with 
no gas present may be considerably different than with 
gas present in a reservoir containing viscous oil. The 
gas may be concentrated in a permeable strata through 
which the water could channel. Finally, if the wells 
had a low productivity because of the high viscosity of 
the oil, the productivity would be further lowered if a 
gas saturation were established in the reservoir, This is 
because the relative permeability to oil is lowered by 
the presence of gas. Thus, a comprehensive study of 
each reservoir is necessary to determine if injection or 
liberation of gas is beneficial. > 
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Influence of Differential Displacement in Invaded Oil 
and Gas Sands on the Induction Log* 


A. J. DE WITTE 
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DISCUSSION 


LEENDERT DE WITTE 


The paper, “Interpretation of the Induction-Electrical 
Log in Fresh Mud” by Dumanoir, Tixier and Martin, 
appeared in the July, 1957 issue of JoURNAL OF PETRO- 
LEUM TECHNOLOGy. The paper outlines a proposed 
method for the interpretation of the induction log; 
16-in normal combination. In an effort to arrive at 
a simple interpretation chart, a number of approxima- 
tions and simplifying assumptions are applied or im- 
plied by the authors without any clear indication of 
their physical import or their effect on the resulting 
resolution of the method. In the end the reader has no 
means of telling whether he has, indeed, a useful inter- 
pretation technique, or just a rough-shod guess. No 
clear-cut guidance is given as to the field conditions 
under which the method can be expected to be fairly 
good, mediocre or poor. This failure to provide proper 
checks on the resolution and indications of the limits 
of applicability severely lowers the technological value 
of the paper. A detailed empirical tabulation of field 
results under well-defined conditions could possibly be 
substituted for a theoretical outline of the limits of 
applicability. Such tabulation, however, is not included 
in the paper. 

Several of the above short-comings were pointed out 
in the discussion by Jenson and Wilkin which followed 
the paper. 

The following commentary is aimed at a closer 
analysis of the order of approximations used in the in- 
terpretation procedure and at providing a tentative 
outline of some of the limits of applicability of the 
method. 

In the paper the first step of simplification of the 
problem consists of the construction of Fig. 9, based 
on the assumptions that both the induction log and 


*Published as Technical Note 428 on page 48 of June, 1957, issue of 
JOURNAL OF PETROLEUM TECHNOLOGY. 
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16-in. normal apparent resistivities can be corrected 
for hole effect without detailed consideration of the 
invasion parameters. It is indicated that the resulting 
chart contains data for values of R,,./R,, averaged over 
the range from 6 to 101. No indication is given of how 
reasonable or unreasonable this averaging process is. 
A check on accuracy of the chart under various con- 
ditions can be made by starting out with a system that 
is completely known (R,., D;, d, R, and R, given). 
we can then compute the apparent resistivities from 
departure curves and geometric factor curves. These 
apparent resistivities can in turn be used in the proposed 
simplified procedure and the resulting R,,/R, can be 
compared with the original data to find the range of 
applicability of Chart 9 and the magnitude of the in- 
duced errors. This checking process evolved out of 
correspondence between the writer and the authors. The 
following tables were prepared by Martin. The values 
of R../R, listed in the last column have to be com- 
pared with the given value of R,,/R; = 5. 


Examining Martin’s tables we note that good accuracy 
prevails for shallow and medium invasion in low resis- 
tivity rocks, and for shallow invasion only in rocks with 


TABLE = = 6, Reo/Rt =5 
d Di 
(in.) (in.) Reo/RiLc Reo/Ri6c Rro/Rt 
6 2d = 12 4.99 3.44 5.0 
8 2d = 16 4.94 2.93 4.96 
10 2d = 20 4.85 4.88 
12 2d = 24 4.70 2.58 4.73 
6 5d = 30 4.46 1.74 5.8 
8 5d = 40 3.91 1.67 5.0 
10 5d = 50 3.42 1.60 4.8 
12 5d = 60 2.97 - 
6 10d = 60 2.96 1.33 6.6 
8 10d = 80 2.36 1.30 5.0 
10 10d = 100 2.00 1.30 2.8 
12 10d = 120 1.76 1.35 2.1 


PETROLEUM TRANSACTIONS, AIME 


| 
| 
| 


TABLE 2—Rm = 1, Rayo = 51, Ri/Rt = 5 

d D; 

(in.) (in.) Rro/Rite Rro/Ri6e Rro/Ri 
6 4.99 5.0 
8 2d = 16 4.94 2.74 4.97 
10 2d = 20 4.85 3.01 4.88 

12 2d = 24 4.70 3.26 4.72 
6 5d = 30 4.46 1.56 7.0 

5d = 40 3.91 1:77, 4.8 

10 5d = 50 3.42 2.01 3.7 

12 5d = 60 2.97 2.30 3.0 
6 10d = 60 2.96 1.24 20 
8 10d = 80 2.36 1.38 3.2 
10 10d = 100 2.00 1.66 2.0 
12 10d = 120 1.76 1.91 — 


medium and high formation factors. For deep invasion 
in low resistivity rocks and for medium and deep in- 
vasion in high resistivity rocks the errors are too large 


for quantitative work. Since high formation factors indi= 


cate low porosity, the case of shallow invasion in the 
higher resistivity formations will be encountered rather 
seldom. In practice, therefore, the method is limited to 
low resistivity areas with shallow or medium invasion, 
ie., the Gulf Coast. A further condition leading to this 
same limitation, is that the formation factor (or R,,) is 
presumed to be obtainable from the Microlog or Micro- 
Laterolog. Again the Gulf Coast is almost the only 
region where these logs yield consistently reliable quan- 
titative results. 

The application of Chart 9 is further limited as iS 
stated in the paper by the condition that Ro. 
This does not require only that the mud be fresh, but 
also that R,, > >-R,. If, for instance, the sand has a 
connate water saturation of .2 and the invaded zone 
has-a residual oil saturation of .25, there would be a 
Taio, Ki if R, = This means that the 
connate water resistivity must be very much lower than 
Rn; (preferably 20 times or more). Even in the Gulf 
Coast this limits the applicability of Fig. 11 to exclude 
many fields and many formations. With the~connate 
water resistivity 20 times lower than the mud resistivity, 
we also will often fall below the limit of 0.08 for Re. 
Which means that Figs. 10 and 12 cannot be used 
without additional corrections and/or adjustments. 

The combined usage of Figs. 9 and 10 requires limi- 
tation to rather narrowly defined cases of Gulf Coast 
logging. 

In the process of going from Figs. 9 and 10 to Fig. 
12, further uncertainties are inserted in the interpreta- 
tion. As the table on page 208 indicates, even when 
limited to shallow-and medium invasion, the value of 
R,,/R, for a given Ris/R,, may fluctuate by as much 
as 70 per cent. This uncertainty obtains in the absence 
of a low zone or annulus. The procedure for taking 
into account the effects of the annulus for the curves 
in Fig. 12 is not given in sufficient detail to enable the 
reader to form an opinion on its validity or limitations. 
As stated in the paper the annulus effect depends on 


the ratio, R,,/R,, the initial water saturation and the 
depth of invasion. Since in clean sands, the first quan- 
tity determines the SP value and the initial saturation 
correlates with R,,/R,, it is conceivable that the annulus 
effect can to some extent be taken into account fairly 
consistently for a limited range of depths of invasion. 
At best this would be a rather crude procedure since the 
annulus effect also depends on other factors such as the 
rate of connate water displacement, the relative per- 
meabilities of the rock and the mobility of the oil. For 
these factors probably only empirically established 
averages could be used. The paper does not indicate 
what was done, to which extent. 2 

Partly in reference to this problem a recent Tech- 
nical Note by A. J. de Witte purports to show the maxi- 
mum effect of the annulus on the various types of in- 
duction logs. The calculated data in this Note show 
these effects to be typically of the order of a factor of 
2 in the apparent resistivity of the induction log. This 
would mean very serious interference with the resolu- 
tion of any interpretation method involving induction 
log data. The calculations in this Technical Note appear 
to be of little value, however, to the analysis of our 
problem. They are based on the assumption that the 
connate water and mud filtrate are completely separated 
(not mixed). The only conceivable process that does 
not give mixing upon invasion is a piston-like displace- 
ment of both the oil and connate water at equal rates, 
maintaining a sharp boundary. This process would not 
yield a low zone at all. Every other possible mechanism 
of displacement will cause mixing of the mud filtrate 
and connate water, resulting in some sort of a conduc- 
tivity profile. To evaluate the practical effects of the an- 
nulus on an induction log, we must know the shape of 
the conductivity profile in relation to the radial geometric 
factor curve of the induction log. 

The calculations given in the Note cannot be con- 
sidered to give even the maximum possible effects on the 
induction log. The maximum effect will prevail when 
the displaced connate water is located in the zone of 
highest per volume geometric factor for the particular 
induction log. This is not necessarily the case when all 
the displaced connate water is located in an annulus 
with sharp boundaries and no mixing. In spite of these 
two successive publications dealing with the low zone 
problem, the reader is still left without any acceptable 
clues for the estimation of the low zone effect in any 
given situation requiring quantitative interpretation. 
Based on this consideration alone, the interpretation 
procedure for the induction-electrical log is in a cor- 
respondingly hazy state, even when used within the 
limits of applicability indicated in the earlier parts of 
this discussion. In general application it would seem 
highly fortuitous if the Schlumberger procedure would 
yield more than a crude first guess. There remains a 
serious need for a more elaborate, rigorous and reliable 
interpretation method for the induction-electrical log. 


T. P. 4610 AUTHORS’ REPLY to LEENDERT DE WITTE 


As already stated in our reply to P. E. Jenson and 
F. L. Wilkin, the paper under consideration was in- 
tended to present practical data in the simplest possible 
form. Accordingly, it was thought advisable to leave 
out a detailed discussion of the derivation of the inter- 
pretation charts. This discussion will be the subject of 
a subsequent paper. 

The present paper, nevertheless, mentions the assump- 
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tions made for this derivation. The conditions under 
which the charts can be applied and their limitations 
are also indicated. 

Furthermore, the “porosity balance” method has been 
mentioned as a way for checking the interpretation. This 
method, which is briefly outlined in the paper, will be 
explained in more detail in a forthcoming publication. 

We agree with L. de Witte that further efforts are 
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necessary to refine the interpretation procedure of the 
induction-electrical log. Mathematical studies and lab- 
oratory experiments are under way toward this end. 

We will now comment on the specific points raised by 
de Witte. 

1. The chart of Fig. 9 contains data averaged for 
values of R,,/R, ranging from 6 to 101. This averag- 
ing was made in order to condense into one single chart 
those results which, for complete accuracy, should be 
divided into several charts corresponding to various 
values of R,,/R,. That such a simplification is per- 
missible seems to be proved by the numerical data listed 
in Tables 1 and 2 of de Witte’s discussion. These tables 
show that, except for one case (R,./Rn = 51 and 
D, = 10d), the values of R,,/R; reconstructed through 
the chart check very closely the true values provided 
the hole diameter is taken equal to that for which the 
chart was established; namely, 8 in. Inasmuch as 8 in. 
is the most commonly used hole diameter, the scope of 
application of the chart is very broad. For other hole 
diameters, further charts may be necessary when inva- 
sion is deep. 

2. The chart of Fig. 9 is denoted in the paper as 
being “theoretical”. It was provided essentially for the 
sake of clarity in the discussion, as a preliminary docu- 
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ment from which the final document (Fig. 12) was de- 
rived. The text (page 206, bottom of column three) and 
the caption of Fig. 9 explain that this chart applies only 
to the case of formations without “annulus”; i.e., with 
a water saturation higher than 60 per cent. Under this 
condition, it is obvious that R,, is always greater than 
R, except in case of high salinity mud. 

3. The transformation of Figs. 9 and 10 into Fig. 12 
entails some uncertainty. Again, this uncertainty has 
been allowed for the sake of simplification. The presen- 
tation of the results used in Fig. 9 should require several 
charts instead of one in the case of an annulus. On the 
contrary, with the presentation used in Fig. 12 all data 
can be condensed into a single chart. However, the 
uncertainty is not too important when the invasion 
diameter is approximately known. This condition, as 
stated above, is necessary for a correct application of 
the chart. 

It has been clearly mentioned that the best use for 
the induction-electrical combination is found in low 
and medium resistivity. It would be an error to believe 
that the Gulf Coast is the only logical location for this 
tool because more than half the producing areas of 
the world have a low and medium resistivity. ake 
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ABSTRACT 


The purpose of this paper is to clarify the definition 
of compressibility and to Present a uniform basis upon 
which instantaneous compressibilities of liquids and 
gases can be compared. The equations gaverning the in- 
stantaneous compressibilities of imperfect gases are de- 
rived and the concept of pseudo-reduced compressibility 
is introduced. Part of the data presented by Brown, 
Katz et al on compressibility factors for natural gases 
has been rearranged. A gravh of pseudo-reduced com- 
pressibility vs pseudo-reduced Pressure for various 
pseudo-reduced temperatures is presented. The need for 
additional work in relating the compressibilities of 
liquids and gases is discussed. 

This information should be of value to reservoir en- 
gineers in making non-steady state performance cal- 
culations in gas reservoirs. It should be of further use 
in pointing the direction for additional research in the 
nature of liquid and gas compressibilities. 


With the increasing use of steady and non-steady 
state well and reservoir data, there is a corresponding 
increase in the importance of the various factors en- 
tering into such calculations. Increasing emphasis is 
being placed on the necessity for obtaining reasonably 
accurate estimates of the physical properties of the 
reservoir fluids well in advance of the more accurate 
laboratory data. 

One such factor is the isothermal coefficient of ex- 
pansion of the media which are transmitting and at- 
tenuating the non-steady state pressure waves. The av- 
erage isothermal coefficient of expansion, or “compres- 
sibility” is a complex function controlled by the physical 
Properties of the formation and the fluids contained 
therein. The isothermal expansion coefficients for reser- 
voir gases are usually quite variable, in many cases being 
highly-pressure sensitive. The coefficients for reservoir 
liquids tend to be pressure sensitive, but not nearly so 
much as reservoir gases. The coefficients for solids, 
usually expressed in terms of a “modulus of elasticity” 
are relatively insensitive to pressure variations within 
their elastic limits. For this reason, and also because 
many previous applications have been limited to rel- 
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atively small pressure ranges, there has been a tendency 
to ignore the variable nature of isothermal expansion 
coefficients and treat them as constants. 


Also, the term “compressibility” by which these co- 
efficients are generally designated is commonly confused 
with a similar term, z, used to define the deviation of 
an imperfect natural gas from the perfect gas laws. A 
clear distinction should be made at the outset between 
the term “compressibility”, which is an isothermal co- 
efficient of expansion of a substance, and the term 
“compressibility factor”, z, which refers to the devia- 
tion of a gas from the perfect gas laws. Although the 
scope of this paper is limited to the compressibility of 
single phase natural gases, it is definitely related to the 
problem of accurately estimating the compressibilities of 
single phase hydrocarbon reservoir liquids, which will 
form the basis of a future presentation. 


BASTG PRINCIPLES 


The coefficient of isothermal compressibility of a sub- 
stance, c, is usually determined from pressure-volume 
Or pressure-length measurements depending upon 
Whether the substance is single phase gas, liquid, or 
solid. A convenient method for making such estimates 
for a finite change in pressure and volume at constant 
temperature is to use the well known equation 


=> 1 
(p: — (1) 


Eq. 1 is negative because the volume of a confined sub- 
stance decreases as the pressure is increased. In this case 
V, > V2 and p. > p,. This equation is useful in approxi- 
mating the compressibilities of single phase gases and 
liquids undergoing small pressure changes. It is evident, 
however, that this equation is almost identical with the 
determination of Young’s modulus of elasticity for sol- 
ids. If the assumption is made that change in length 
is directly proportional to change in volume, as would 
very nearly be the case for a steel rod in tension 
within its elastic limit, then 


(Pp: 
in which E, is the isothermal expansion coefficient, or 
Young’s modulus of elasticity, for a solid. And further, 
for this special case 
L, (pz — p:) 


c= 


— (2) 


(3) 


Ca = 


| 

| 


It is evident, therefore, that Young’s modulus for solids 
is by definition equivalent to the reciprocal of the co- 
efficient of isothermal compressibility in the case of sin- 
gle phase solids within their elastic limit. 

Eq. 1, however, is an approximation with definite 
limitations when the isothermal coefficient of compres- 
sibility varies during small pressure changes. It is fur- 
ther limited over large pressure changes by confusion 
over whether the volume in the denominator should be 
V, or V., or some value in between. This objection is 
easily overcome by expressing Eq. | in partial differen- 
tial form at constant temperature, as follows: 


OV 
; V op (4) 
and its reciprocal: 
V op 
(5) 
Eqs. 2 and 3 may be similarly expressed, as follows: 
Lop 
E,=-—. 6 
(6) 
and 


Eq. 4 is a general equation which defines the in- 
stantaneous coefficient of isothermal compressibility of a 
substance at a point on an isothermal pressure-volume 
curve for that substance. If a special case is considered 
in which c is assumed to be constant, Eq. 4 may be 
solved, as follows: 


from which 
c= 

Eq. 8, therefore, shows that if the coefficient is actually 
constant for a given substance, then a graph showing 
the logarithm of volume, specific volume, density, or 
formation volume factor vs pressure in psi will be a 
straight line. Such a graph will indicate a straight line 
on semi-log graph paper, but not on cartesian coordinate 
graph paper. Furthermore, if the compressibility is a 
variable, the pressure-volume curve will not be a straight 
line on semi-log paper. In this case, however, the value 
of ¢ at any point on such a curve will be the slope of 
the curve at that point in log cycles per psi X 2.303. 
The expansion coefficient, E, will be the cotangent 
of the curve at that point in psi per log cycle X 0.434. 


(8) 


ISOTHERMAL COMPRESSIBILITY OF GASES 


The general expression for the coefficient of isother- 
mal compressibility for gases, c,, was shown by Muskat’ 
from the basic gas equation 

when placed in the form of Eq. 4, Eq. 9 at constant 
temperature becomes 


OV 1 0z 
From Eq. 10 it is evident that for perfect gases 
z= 1 and 0z/dp = 0, and that in this special case c, 
would be inversely proportional to pressure. Natural 
hydrocarbon gases, however, are not perfect gases. In 
the low pressure range the compressibility factor, z, 


tReferences given at end of paper. 
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decreases as the pressure increases, 6z/ép is negative, 
and c, is higher than would be the case for a perfect 
gas. In the high pressure range, however, z increases, 
dz/dp is positive, and c, is less than would be the case 
for a perfect gas. Gas compressibilities, therefore, can 
be determined from PVT laboratory data on actual 
samples or if such information is lacking, by applying 
the data of Brown, Katz et al’ to Eq. 10. 

On the other hand, the data in Ref. 2 may be brought 
into a more direct relation between compressibility, 
p,, and T, by reducing Eq. 10 to dimensionless form. 
Since p = p, . p;, Substituting (p..p,) for p in Eq. 10 
reduces same to 


1 
(oe 
Dp, “zope 


Ii pressures are measured in psi, the dimensions of c, 
are psia.’ The term c, . p., therefore, becomes a dimen- 
sionless quantity which is herein defined as the pseudo- 
reduced compressibility, and 

chi ps G2) 
The data in Ref. 2 have been converted to the form of 
Eq. 11 and are shown graphically on Figs. 1 and 2. 
Values of c, and p, for various fixed values of 7, are 
shown. It will be noted that the curves for T, = 1.05, 
and 1.1 are shown as dashed lines. The values of 0z/op 
become increasingly difficult to estimate as the critical 
temperature is approached. For this reason the dashed 
curves are less reliable than the curves for T, > 1.2. If 
accuracy greater than that afforded by this chart is de- 
sired, laboratory data should be obtained on an actual 
sample of the gas in question. 


(11) 


EXAM PTE 


GIVEN 

FIND 


1. Isothermal compressibility coefficient, c, 
2. Isothermal expansion coefficient, E, 


SOLUTION 

1. From Ref. 2 
a. T, = 436 
b. p. = 644 psia 
d. p, = 6.22 


2. From Fig> 2 
a. Using p, — 6.22~and T, = 1.5 
Read Value of c, = 0.092 on graph 
b. Since c,p, = c, = 0.092 and _ p. = 644 psia, 
then c, = 0.092/644 
c, = 143 X 10° psia® 


1 
CE; = 6,990 psia 


DISCUSSION 


If the pressure on the above gas is increased to 8,000 
psia, the value of p, would be 12.44; the corresponding 
c, is about 0.0256; and c, is about 39.8 < 10° psia™. 
The compressibility coefficients for high pressure gases, 
therefore, tend to approach values usually associated 
with reservoir liquids. A comparison of the above values, 
with approximate values of some other substances, is 
shown in the following table. 


*Hst. from condensate well fluid. 
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Fic. 1—Vartation oF Repucep CompresstpiLity WITH RepucED Pres- Fic. 2—Vartation or ReEpucEp CoMPRESSIBILITY 


SURES FOR Various Fixep VALUES OF Repucep TEMPERATURE 


(FOR c, BETWEEN 1.0 AND 0.1)<— 


E 

psia-1 psia 
—Gas at 4,000 psia  ~— 143 6,990 
Gas at 8,000 psia 39.8 25,100 
Reservoir Oil 10 100,000 
Water 333,000 
Sandstone? 0.33 3,000,000 
Limestone? 0.143 7,000,000 
Steel? 0.033 30,000,000 


The expansion coefficient, E, indicates that if the hypo- 
thetical gas is at a pressure of 4,000 psia, its com- 
pressibility corresponds to that of a perfect gas at 6,990 
psia. By the same reasoning, the assumed single phase 
reservoir oil, having a compressibility of 10 « 10° 
psia “*, has the same compressibility as a perfect gas at 
100,000 psia. The expansion coefficient, E, being the 
reciprocal of the isothermal compressibility, represents 
the pressure to which a perfect gas must be raised in 
order to have the same compressibility as the substance 
under investigation. : 


CONCLUSIONS 


The basic principles underlying the physical deter- 
mination of instantaneous isothermal coefficients of 
compressibility and expansion have been outlined. A 
simplified chart which approximates the isothermal co- 
efficients of compressibility of natural gases has been 
presented. The fact that the coefficient of expansion, 
E, relates the compressibilities of solids, liquids and 
gases to that of a perfect gas has been pointed out. With 
the growing use of compressibility data, there is an in- 
creasing need for reasonably accurate data on in- 
stantaneous compressibility values on reservoir rocks 
and liquids, as well as reservoir gases. Average coeffi- 
cients for complex mixtures of single phase hydrocar- 
bon liquids may be estimated with Standing’s data*. In- 
Stantaneous values for liquids, however, are still de- 
termined on an individual basis by actual PVT meas- 
urements. 

NOMENCLATURE 


L = Length, feet 
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witH Repucep Pressures ror Various Fixep VALUES 
oF Repucep TEMPERATURE (FOR Cc, BETWEEN 
0.1 anp 0.01). 


V = Volume, cubic feet 
D ressure, psia 


OV 
Compressibility, psia“, — 
V op 


lI 


Expansion coefficient, 1 /C, psia, — 


= Total moles 


E 
R = Universal gas constant, per mole 
n 
T = Temperature, °R 


= Gas compressibility factor, 


N 
| 


V 
nRT 
G = Gas gravity, (Air = 1.0) 

SUBSCRIPTS 
1 Conditions at a lower pressure 
2 Conditions at pressure higher than at condition 1 
c Denotes pseudo critical temperature or pressure 
r denotes pseudo reduced temperature, pressure, 
or compressibility 
g Denotes single phase gas 
L Denotes single phase liquid 
s Denotes single phase solid 
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The Muddy and Dakota sands, more commonly 
known as the “D” and “J” sands, respectively, of the 
Denver-Julesburg Basin are correlative over a large area. 
It is reasonable to believe, therefore, that depositional 
environment throughout the Basin was comparable. Lo- 
cal variations in sand development do occur, however, 
and productivity is often governed by permeability as 
well as structural position. Experience indicates per- 
meability is commonly a function of cementing ma- 
terial. While cases of siliceous or calcareous cementing 
have been observed, the bonding material is, for the 
most part, clay. Under the latter circumstance, clay 
should bear some relation to permeability. Similarly, 
gamma radiation should bear some relation to the 
amount of clay. This study was undertaken to determine 
if a cross relation exists between gamma radiation and 
permeability. 


RESULTS OF INVESTIGATION 


A qualitative relation does exist between gamma ra- 
diation and permeability for clay-bonded Muddy and 
Dakota sands of the Denver-Julesburg Basin. This is 
illustrated graphically by Fig. 1, which shows corrected 
gamma ray deflection vs permeability for five wells 
over an area approximately 50 miles long and 8 miles 
wide. The “corrected” gamma ray deflection cannot 
be read directly from the gamma ray survey in all 
cases. It became apparent early in the investigation that 
methods would have to be developed for converting all 
gamma ray surveys to a common deflection scale and 
to correct for thin bed effects. 


COMMON SCALE DEFLECTION 


Because all logs are not recorded in the same calibra- 
tion units or at the same sensitivity, it was felt they 
could be most readily converted to a common scale by 
measurement of deflection in inches from zero. Initially, 
four wells in the Jacinto field of Nebraska were care- 
fully correlated, and selected intervals were planimetered 
to obtain average deflections. Average deflections of 
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planimetered intervals from three of the wells were 
plotted vs those of the fourth well which was to be used 
as a common reference. The plots are shown in Fig. 2. 
While results obtained by this method in the Jacinto 
field were relatively good, the planimetered intervals 
were not easily correlated with logs from other fields. 
Furthermore, the planimetric method is laborious and 
not readily adapted to routine operations. 

Deflection of the “Bentonite marker” was found to 
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be sufficiently accurate as a maximum deflection point 
in converting logs to a common scale. The “Bentonite 
marker” is a bed of bentonitic material several feet thick 
which appears to have a consistent and high level of 
Tadioactivity. A comparison of corrected deflections ob- 
tained from the planimetric method and bentonite maxi- 
mum defiection method is shewn in Fig. 2. Here it can 
be seen that a fairly large error in determining ben- 
tonite deflection would cause only a slight error in sand 
deflection. For example, the greatest difference between 
the two methods of obtaining corrected deflections oc- 
curs in Travis No. 4, but is only .08 in. in the highest 
sandstone deflection range. Such a degree of accuracy 
is better than that of the permeability-gamma ray de- 
flection relation. 


CORRECTION FOR THIN BED EFFECTS — 


Gamma ray deflection obtained opposite thin beds 
will be dependent on logging speed and the time con- 
stant used while logging. Edwards and Simpson’ dis- 
cussed the effect of these variables on log interpretation 
and developed formulae for correction of radiation de- 
flection opposite thin beds. Figs. 3 and 4 are departure 
curves calculated from these formulae for a very short 
detector which approaches a point detector in practice 
and a 36-in. detector, respectively. 

From these charts it is apparent that accuracy of de- 
termination of gamma ray deflection opposite thin beds 
decreases as “drag” increases. Thin beds will be most 
accurately defined by a slow logging speed and short 
time constant. However, a short time constant may re- 
sult in excessive statistical variation. A suggested com- 
promise between these conflicting factors is a “drag” of 
1 ft, which should provide adequate interpretation of 
beds 3 ft or more thick. 

When applying the departure curves, a “maximum- 
minimum deflection” method of delineating bed boun- 
daries was used for determination of bed thickness. 
This method, together with the method of applying de- 
parture curves, is illustrated schematically in Fig. 5. 
Here the shale below depth A is sufficiently thick for 
a true recording of gamma radiation or a “maximum” 
value. The base of the thin sand member A-B is con- 
sidered at A, where apparent gamma radiation begins to 
decrease in the logging direction. At B, the apparent 
gamma radiation is at a “minimum” value which marks 
the boundary between the sand member A-B and the 
shale B-C. Similarly, bed boundaries are selected at C, 
D, E and F, and bed thickness is measured between 


1MReference given at end of paper. 
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succeeding boundaries. It must be emphasized that this 
method of determining bed boundaries is only for the 
Purpose of measuring bed thickness, and conventional 
methods are employed for determination of true boun- 
dary depth for lithologic purposes. 

Apparent radiation difference, Ry, is measured from 
a true recording of gamma radiation, such as the “maxi- 
mum” value at A, Fig. 5, to an apparent “maximum” 
or “minimum” such as at B. Either the maximum or 
minimum value must be a true level of gamma radia- 
tion, however, and successive beds must be analyzed in 
the logging direction. The ratio R,/R, is read from 
the departure curves for the determined bed thickness, 
T, and drag, D. True radiation difference, R,, is then 
obtained simply from the product of R,/R, and R,: It 
should be noted that R, and R, are the differences be- 
tween high and low levels of apparent and true radia- 
tion, respectively. 


DETERMINATION OF ZERO REFERENCE 
Gamma ray zero was not recorded on many of the 
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earlier logs. An approximation of zero deflection may 
be obtained through use of the corrected gamma ray 
chart. A tentative zero is established from an assumed 
0.5-in. deflection for the lowest recorded gamma radia- 
tion such as at 5,070 ft in Fig. 6. The “Bentonite 
marker” deflection, corrected for thin bed effects, is 
measured from the tentative zero as shown in Fig. 6 
at 4,760 ft. This deflection is plotted on Fig. 2, and a 
line is drawn from this point through zero. Approximate 
true deflection of the lowest recorded gamma radiation 
can then be read from the “clay free” line of Fig. 2. 


SUMMARY AND CONCLUSIONS 


A relation does exist between permeability and gamma 
radiation for clay-bonded Muddy and Dakota sands of 
the Denver-Julesburg Basin. In order to apply this re- 
lation, gamma ray surveys must be adjusted to a com- 
mon scale, and proper corrections must be made for 
thin bed effects. The relation is limited to clay-bonded 
sands, as calcareous or siliceous cementing materials, 
which are sometimes encountered in the Basin and 


360 


which reduce permeability, would not be expected to 
increase gamma radiation above the clay-free line. 
Therefore, examination of cores or cuttings is necessary 
to determine the type of rock involved. 

For best results where thin beds are involved, the 
logging speed and time constant should be so chosen 
that the “drag” has a value of about 1 ft. Interpretation 
can also be improved if statistical variation is recorded 
at a high and low level of radiation and at a chart speed 
comparable to that of the logging speed. 


ACKNOWLEDGMENTS 


The author wishes to thank the management of Shell 
Oil Co. for permission to present this paper. Acknowl- 
edgment is also due J. M. Edwards of McCullough Tool 
Co. for his many helpful suggestions. 


REFERENCE 


1. Edwards, J. M., and Simpson, A. L.: “A Method of Neutron 
Derived Porosity Determination for Thin Beds,” Trans. 
AIME (1955), 204, 132. 


PETROLEUM TRANSACTIONS, AIME 


Subsurface Sealing of Tubing Thread Leaks 


MARTIN E. TRUE 
W. M. O'REILLY 
MEMBERS AIME 


— 


HUMBLE OIL & REFINING CO. 
HOUSTON, TEX. 


T.N. 406 


ABS TRACT 


A technique, equipment, and a compound have been 
developed and field tested for sealing tubing joint thread 
leaks without removing the tubing from the well. This 
eliminates the necessity of killing the well with possible 
damage to the producing formation, which could result 
if it weré exposed to drilling mud. A thread sealing com- 
pound, developed and tested in the laboratory, is intro- 
duced into the tubing and squeezed into the joint to elimi- 
nate the leak. A high percentage of successful field appli- 
cations have effected an appreciable cost reduction in 
repairing leaking tubing Strings in East Texas and in the 
Louisiana Gulf Coast area. 


In producing oil and gas wells the industry has been 
plagued with a never ending problem of tubing connec- 
tion leakage. This situation is becoming increasingly 
more significant as more gas wells are placed on pro- 
duction and as higher pressures are encountered at 
greater depths of current drilling. 

Substantial progress has been made in minimizing 
thread leaks by careful handling and cleaning of joints 
and by the use of improved sealing compounds in com- 
bination with controlled makeup. But even with the use 
of the best known methods and sealing materials during 
initial makeup, occasional leaks through tubing joint 
threads appear inevitable. In some instances, tubing 
joints in high-pressure gas wells have been found to 
leak gas at relatively less pressure than that at which 
the tubing had been tested satisfactorily using liquid. 

Many expedients have been employed to prevent the 
physical replacement of tubing when leaks have devel- 
oped. Perhaps the most commonly used is the sodium 
silicate treatment in which the solution is lubricated 
into the tubing to form a crystalline plug in the leak. 
Generally, any benefit realized is of a temporary nature. 

In addition to field studies on handling and makeup 
of tubing, extensive laboratory work has been under- 
taken on the development and testing of thread dopes.' 
Also, substantial effort has been devoted to testing 
tubing joints using high-pressure gas as a_ pressure 
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medium.’ The results of this work have emphasized 
that tubing joints are susceptible to occasional leaks, 
especially when subjected to relatively high differential 
pressures. 

To cope with the problem of leaking connections, 
an extensive investigation was undertaken to devise 
means of sealing leaks without removing the tubing 
from the well and without reducing the inside diameter 
of the tubing. The purpose of this paper is to present a 
technique, together with the associated equipment and 
compound, which have been developed for effecting a 
seal of leaking tubing in place. 


ON 


Work was initiated simultaneously on two ventures: 
(1) to develop a satisfactory leak sealing compound and 
(2) to develop tools necessary to find the leak and place 
the compound. 


LEAK SEALING COMPOUND 

In the development of a sealing compound, tests 
were conducted on those compounds commercially 
available which include: (1) conventional thread lubri- 
cants, (2) thermo-setting resins and (3) other materials 
which held promise of effecting a seal. Although none 
proved completely satisfactory in their available form, 
two commercial compounds proved nearly equally 
effective in sealing leaks during laboratory tests after 
proportioned quantities of graded silica had been added. 
Field usage has indicated that the preferred compound 
is One prepared of an aluminum-stearate base thinned 
to the proper constituency and carrying a mixture of 
fine mesh graphite and graded silica. The compound de- 
veloped by Humble Oil & Refining Co. is designated as 
Tubing Thread Leak Sealant 800. 


PLACEMENT TOOLS AND TECHNIQUE 


In developing tools to detect joint leaks and to place 
the sealing compound, work was done initially on 
wireline equipment. Preliminary designs were com- 
pleted of a tool somewhat on the order of a pressure 
bomb to test individual joints with gas at high pressure 
to determine if the joint was leaking. An entirely differ- 
ent tool equipped with opposed packers was intended 
for placement of the sealing compound at high pressures 
in each leaking joint. The application of these tools 


| 
| 


would have consumed appreciable time since each joint 
would have required individual testing. 


Although this technique would have been useful in 
sealing leaks which were evident, undetected leaks and 
those joints of near leaking conditions would not have 
been serviced. Development of these tools was not com- 
pleted after an entirely different approach was proposed 
and has proven applicable in field operations for the 
sealing of tubing thread leaks. 


Several years ago, a gas well in the East Texas area 
was leaking to an extent that the leak had to be stopped 
even if the tubing had to be pulled. Since killing wells 
in this area sometimes results in mud damage to the 
producing formation, it was decided to attempt to seal 
this leak using the sealing compound which had been 
effective in laboratory tests to that time. The position 
of the leak was determined by a temperature survey, 
then a tubing-stop under a pack-off anchor was placed 
in the tubing slightly below the leak. 

It was intended to displace the gas inside the tubing 
through the leak which would then be sealed by the 
sealing compound. It is believed that some of the com- 
pound gravitated ahead of the separation plug as it was 
pumped down the tubing. A partial shutoff lengthened 
the time for displacement; however, the operation 
satisfactorily shut off the leak and served as an initial 
field test of the sealing compound. 

The new approach proposed for the sealing of tubing 
thread leaks included the use of two batches of com- 
pound. As shown in Fig. 1, a regulator is set in the 
lower portion of the tubing, either slip-set or in a 
landing nipple which is not uncommon equipment in 
wells where troublesome leaks are usually found. A 
back-flow by-pass, essentially a ball check valve, is made 
up with the regulator assembly to permit cleaning the 
well by formation flow when the operation is complete. 

A tubing-stop with mating surfaces for the lower 
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pumped plug is set about 100 ft above the regulator 
which serves as a pressure seal when the plug contacts 
the tubing-stop. The first batch of compound is intro- 
duced between separation plugs into the tubing. Fol- 
lowed by water, this batch is pumped down to compress 
the tubing contents until a pressure is attained which 
opens the regulator. At this point, the second batch of 
compound, isolated between plugs, is introduced into 
the tubing. Displaced by water, the tubing contents 
pass through the regulator and back into the formation. 

After the regulator opens, a steady squeeze pressure 
is maintained until the lowermost plug contacts the 
tubing-stop where it seals off. The basic idea is that a 
high-pressure placement of the compound is desirable 
and that a maximum pressure is not normally attained 
until the tubing contents, usually gas or light hydro- 
carbons, have been compressed to the pressure to be 
employed during the squeeze. The second batch of com- 
pound, introduced at the maximum pressure, effectively 
treats the upper portion of the tubing string while the 
first batch is being squeezed against the lower portion 
down to the tubing-stop. After the placement operation 
is completed, the well is opened and flowing through 
the by-pass, formation pressure has been used to remove 
excess compound and clean the tubing. The regulator 
assembly and tubing-stop are set and removed by 
wireline. 

Improved equipment has been developed to perform 
this work. Fig. 2 shows the regulator currently employed 
to minimize hysteresis in opening and closing pressures. 
Conventional cup-type plugs did not provide adequate 
separation of the sealing compound, particularly as they 
traversed tubing connections, and a type was developed 
which employed a long series of disc-type rubber ele- 
ments as seen in Fig. 3. A tubing-stop which allows 
sealing by the lowermost separation plug was readily 
adapted using high pressure pack-off elements against 


‘the internal tubing wall. 


Laboratory tests have indicated that differential pres- 
sures across the tubing couplings in combination with 
the length of time the pressure is maintained are major 
factors influencing the success of the thread leak sealing 
operation. In each job performed, the casing annulus 
pressure was reduced to a minimum, and a maximum 
internal pressure employed consistent with the safety 
limitations of the associated well equipment. 


The length of time of exposure is determined by the 
quantity of compound in the batch and the pumping 
rate. Laboratory tests indicate the initial effective 
squeeze should consume at least 30 minutes. This means 
that in using a batch of compound 150 ft long, a 
pumping rate of 5 ft/min would be satisfactory while 
doubling the batch permits a pumping rate of 10 ft/min. 
Maximum pumping pressure primarily depends on the 
regulator setting which, at present, must be calculated 
for individual wells. After the lower plug seats and 
seals with the tubing-stop, experience has indicated that 
beneficial results are obtained if a static high pressure 
is maintained for a shut-in period of not less than 
24 hours. 


Investigations of performance during field operations 
indicated that calculations to determine the setting of 
the regulator must include several major factors. Fig. 
4 illustrates the behavior of indicated and calculated 
pressures at points in the column at various stages as 
the operation progresses. Relatively close similarity of 
calculated pressure behavior to observed pressure be- 
havior during recent jobs confirms that sufficient factors 
are included to allow reliable calculations to be made. 
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Fic. 3—Separation 

Super-compressibility of the tubing contents must be 
considered in changing value as it reacts to the condi- 
tions of pressure and temperature while the lower batch 
is being pumped in. Stabilization is effected for prac- 
tical purposes after the regulator opens. The increasing 
hydrostatic head inside the tubing as the batch is 
pumped down is also a major factor influencing the 
regulator setting, making the net effective differential 
from the inside to the outside of the tubing coupling de- 
pendent on the hydrostatic head of the contents of the 
casing annulus. 

An alternate procedure may be employed to service 
only a portion of the tubing string if the position of the 
leak is known. A tubing-stop is positioned below the 
leak area and a single batch of compound, sufficient to 
cover the leak, is pumped in using a conventional circu- 
lation plug as the lowermost separation plug. A max- 
imum pressure consistent with the conditions present 
should be imposed for at least 24 hours against the 
positive seal of the circulation plug with the tubing-stop. 

In wells where tubing joint threads were leaking, 
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approximately 89 per cent success has been attained in 
sealing leaks in tubing strings in place since the tech- 
nique was first applied several years ago. Tubing strings 
have been replaced in most wells where this work was 
not successful and in each instance, a hole has been 
found in a place other than the connection, or it was 
apparent that the leak had been at the tubing packer. 
Although this procedure has proved effective in dealing 
with a majority of leaks from tubing connections, it 
should not be considered applicable where evidence 
exists of advanced corrosion or otherwise faulty tubular 
goods. 


CONCEUSIONS 


1. A technique, equipment, and a compound have 
been developed and field tested for sealing tubing joint 
thread leaks without removing the tubing from the well. 
This technique eliminates the possible damage to the 
producing formation which could result if exposed to 
the fluids normally used in killing wells. 

2. By employing this technique, 89 per cent of the 
jobs attempted have been successfully sealed, including 
early field experiments. 

3. Substantial savings have been effected by employ- 
ing this technique to repair tubing joint leaks. 
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ABSTRACT 


A new graphical method, which is a modification 
of that proposed by Buckley and Leverett’, is presented 
for the determination of the displacing fluid saturation 
at breakthrough for frontal drive mechanisms. This 
method is applicable to all types of fluids, which may 
be either soluble or insoluble in the oil at reservoir and 
injection conditions. This adaptation has unique ad- 
vantages in handling problems in which either liquids 
or gases are the displacing fluids. 


1'O.N 


In the displacement of oil from a reservoir with water 
or gas injected into the formation or by the expansion 
of a gas cap, the determination of breakthrough or 
flood advance is important to define the initial and 
subordinate phases of the operation. Thus, the deter- 
mination of the displacing fluid saturation at break- 
through is fundamental to the establishment of over-all 
reservoir production. Methods for analyzing this satura- 
tion and for calculating production rates have been pre- 
viously reported”***. All of these methods utilize the 
rate equation for linear flow developed by Buckley and 
Leverett’. 


x = = ( ofp 
Ad \ 2S, 


(1) 
D 
where fp represents the volumetric fraction of displacing 


fluid in the total flowing fluid within the reservoir as is 
defined by: 


1 
ky bo 


Since the time, 6, necessary for the flood front to 
travel distance AX is unknown, Eq. 1 cannot be solved 
directly for the determination of the breakthrough 
point. Therefore, it becomes necessary to solve Eq. 1 
simultaneously with an equation representing a fluid bal- 
ance on the reservoir behind the flood front. To develop 
such a fluid balance equation, it has been assumed that 
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the fluid composition is uniform in the reservoir behind 
the flood front. Based upon this assumption, the follow- 
ing equation can be derived from a material balance on 
the displacing fluid: 


(AX)s 

= — OQ» 
| = Si Jax (3) 
x=0 


It is readily observed that the displacing fluid satura- 
tion behind the flood front, S,., may be determined 
through the simultaneous application of Eqs. 1 and 3. 
Although the approach may vary, this objective re- 
mains the same for all of the previously mentioned 
graphical or analytical methods. After S,, is determined, 
it is then possible to calculate the gas-oil and/or water- 
oil ratios and the rates during the initial and subordinate 
phases of production, and thereby define the production 
history of the reservoir. In this presentation only the de- 
termination of S,, is considered, and the reader is re- 
ferred to the several texts in reservoir engineering’*” 
for a complete discussion on the methods for establish- 
ing the production history of a reservoir. 


PROPOSED METHOD FOR DETERMINING S,, 

Ad 
Eq. 1 may be expressed in differential form as follows: 


Q, — Qp 0 fo 


Since at any time the quantity, Q» , IS a constant, 


8 
D 


Eq. 4 may be substituted directly into Eq. 3 to obtain: 
0 fo 


(5) 


Eq. 5 simplifies to the expression: . 
Vie 


D 
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Ad 


Referring to Fig. 3, it can be seen that Eq. 6 will 
be satisfied when the area ACDF = 1, Thus, to deter- 
mine S,,, a plot of Sp is constructed as a function of 


0 fo 
Sp 


the graphical integration between the limits §,; and 
Sp, becomes unity. This method is more convenient 
than that requiring the balancing of areas as proposed 
by Buckley and Leverett’, particularly when applied to 
problems involving gases as the displacing fluid. 


and Sp, is located so that the area obtained from 


EXAMPLE OF FRONTAL FLoop ADVANCE 
WITH WATER MECHANISM 


Water is injected into a reservoir having a connate 
water of 10 per cent and oil and water viscosities of 
2.0 and 0.56 cp, respectively. The water-oil relative 
permeability ratio for this system is presented in Fig. 1. 
It is desired to determine the water saturation behind 
the flood front, Sw, When linear flow is assumed to 
apply in the reservoir. Using Eq. 2 and Fig. 1, values 
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TABLE 1—CALCULATION OF FRACTIONAL FLOW OF WATER FOR 
VARIOUS WATER SATURATIONS. 
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of fw have been calculated and are presented in Table 1. 


The values are plotted in Fig. 2, from which the 
derivative can be obtained by the graphical determina- 


tion of slopes. In Fig. 3 values of are plotted for 


different increments of S,, and a smooth curve is drawn 
to produce the final relationship. Point D is located so 
that area ACDF = 1. For this problem, S,,, is found 


to be 0.55. 

The solution to this problem as well as similar ones 
involving gas as the displacing fluid (not reported here) 
have been solved by the method of Buckley and Lev- 
erett' and that of Calhoun?. All fluid displacement 
problems can be worked conveniently by the proposed 
method as well as that of Calhoun. For some of the 
problems involving gases as the displacing fluids, the 
Buckley-Leverett method is not precise. Except for such 
cases, all three methods produce substantially the same 


results. 
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NOMENCLATURE 


A area perpendicular to direction of flow, sq ft 

ifr volumetric fraction of displacing fluid in oil- 
displacing fluid flow within the reservoir 

k,/kp relative permeability ratio of oil to displacing 
fluid 

Or. volume of displacing fluid dissolved in the 
oil behind the flood front 

(On; volume of displacing fluid injected or en- 
croached 

Sp displacing fluid saturation of formation, vol- 
ume of displacing fluid/volume of pore 
space 

Si initial saturation of displacing fluid 

Spe displacing fluid saturation behind flood 
front 

x distance 


(AX)s distance moved by flood front behind which 
the saturation of the displacing fluid is Sp. 

Greek 

6 time for flood front to reach position 
(AX)s,, 

Lp viscosity of displacing fluid, centipoises 

fle viscosity of oil, centipoises 

porosity 
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It is pointed out that the current concept of pore size 
distribution is not unequivocally defined and that dif- 
ferent methods aiming at a determination of such a 
distribution therefore do not lead to the same results. 

A pore size distribution should not he based on the 
idea that a core should, under all circumstances, behave 
as a bundle of straight non-interconnected capillaries of 
the same pore size distribution. This is illustrated by 
calculations and experiments on the displacement of 
miscible liquids. 


LNEE RO T LON 


The introduction of the concept of pore size distribu- 
tion has been an attempt to characterize the intricate 
geometry of the flow channels in porous media. As 
pores in a porous medium are interconnected it is im- 
possible to describe exactly what is meant by a “pore” 
and, therefore, the term pore size distribution requires 
further amplification. 

In the visual method for the determination of pore 
size distribution “the pore” is considered to be the 
hole between the grains as observed on thin sections 
or On a polished surface of the rock under a microscope. 

In all other presently known methods," a displace- 
ment process is studied and it is ascertained what as- 
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semblage of straight cylindrical capillaries would show 
the same behavior. The distribution of the capillary 
diameters of this assemblage is said to represent the size 
distribution of the pores of the actual porous medium. 

From the foregoing it is already apparent that it is 
useless to try to decide which process or which method 
of investigation leads to a “correct” pore size distribu- 
tion. To illustrate this further a displacement process 
in which a fluid is displaced by another miscible with it 
will be discussed and the results will be interpreted in 
terms of a pore size distribution. 


DISPLACEMENT EXPERIMENTS WITH MISCIBLE 
LIQUIDS OF NEARLY IDENTICAL 
VISCOSITY AND DENSITY 


INTERPRETATION IN THE FORM OF A 
PoRE SIZE DISTRIBUTION 


If distilled water is displaced from a homogeneous 
unconsolidated sand pack by, for instance, a dilute so- 
lution of NaCl, the breakthrough recovery i.e., the 
amount of distilled water produced at the moment the 
first trace of NaCl can be detected in the effluent water, 
is between 95 and 100 per cent of the pore volume of 
the pack. 

This result can be understood by following in imagina- 
tion the course of one particle of the liquid. Imagine a 
length, Al, at the end of which a liquid particle has an 
independent chance of a renewed choice of pores of dif- 
ferent diameters. In other words, the particle has a 
choice of traveling time, At, for any length AI; instead 
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of a pore size distribution a distribution of traveling 
time is introduced. Now each particle will have n inde- 
pendent chances of sampling the At distribution, if n = 
l/Al (1 = total length of the sand pack). The total trav- 
eling time of a particle will then be T = & Az. If finally 
a distribution of T is made up for a number of liquid 
Particles, it is known from statistical calculus that with 
growing n the distribution of T will resemble more and 
more a “normal” distribution. Also this distribution 
will become narrower with growing n. As Al is expected 
to be of the order of a few sand grain diameters, n will 
be large for a sand pack that is not too short, and con- 
sequently the T distribution will be very narrow; in other 
words, the breakthrough recovery will approach 100 per 
cent. 

In the model of straight cylindrical, not intercon- 
nected capillaries, this result could only be obtained 
if the diameters were all about the same size. 

If the experiment is repeated with a consolidated 
formation the breakthrough recoveries are usually much 
lower. Here, apparently, n is not large and the distribu- 
tion need no longer be “normal”. ; 

In order, in this case, to derive a pore size distribu- 
tion from the curves showing the relation between the 
amount of displaced liquid and displacing liquid, two 
simplifications are introduced: 

a. The porous formation is assumed to consist of a 
set of straight cylindrical parallel capillaries, not inter- 
‘connected. 

b. It is assumed that the linear velocity of transport 
of the solute is the same over the whole cross section 
of each capillary. _ 

The last-mentioned assumption requires some ampli- 
fication. Consider a capillary in which liquid 1 is being 
displaced by liquid 2 (miscible with liquid 1 and having 
the same viscosity and density.) If no diffusion occurs 
the boundary between the two liquids will be a para- 
boloid. It can be shown ‘that, in that case, the break- 
through recovery will be 50 per cent. Diffusion, how- 
ever, will tend to flatten the boundary between the two 
liquids and hence the condition of the second assump- 
tion, (b) will be approached. The extent to which this 
will occur—in other words in how far the breakthrough 
will approach 100 per cent—will depend on the flow 
velocity, diffusion constant, radius and length of the 
capillary. 

The recovery will be high if the time necessary for 
diffusion from the center of the tube to the wall is small 
compared to the time, ¢, necessary for the liquid to pass 
the length of the tube. The first is approximately equal to 


2 


a where r is the radius of the tube and D is the dif- 

fusion constant. The time necessary for the liquid to 
L 

flow through the tube is ar L being the length of the 


tube and w the average flow velocity. The condition 
therefore obtains that 


<< 


r 
Dt 
*For a porous medium this dimensionless group may be written as 
hich 

follows: DfAl’ in whic 
K = Permeability 
@Q = Volume rate of flow 
f = Porosity 
A = Cross sectional area of the core sample 


1 = length of the core sample 
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From the theoretical and experimental work of G. 
Taylor’ it follows that if: 
r 
Dit 1 the recovery amounts to 91.9 per cent 


Il 


0.01 the recovery amounts to 99.2 per cent 
= 0.0001 the recovery amounts to 99.9 per cent 

According to J. J. van Deemter’, et al, the recover- 
ies for the quoted values of the dimensionless groups 
are even higher. 

The value of the above dimensionless number should 
be ascertained in order to judge the significance of the 
experimental results obtained in the determination of 
the pore size distribution according to the above pro- 
cedure. The displacement rates should preferably be 
varied to check whether the results remain practically 
the same. 

The pore size frequency curve is derived from the 
experimentally determined relation between the amount 
of displaced liquid recovered and the amount of dis- 
placing liquid injected in the following way. The as- 
semblage of capillaries is characterized by a function 
F(r), so that E (r)dr is the fraction of the total pore 
volume occupied by capillaries with radii between r and 
Rar 

r, is the radius of the smallest capillary, and r,,,, is 
the radius of the largest capillary. 

If the Pressure difference is Ap, the length of the 
capillaries is7 and the cross sectional area of the as- 
semblage is A, the amount of displacing liquid 2, (v,) 


having entered the assemblage up to time 1, according 
to Poiseuille’s law, is: 


Tmax 
= F(r)r'dr 


ro 
in which » = viscosity of both displaced and displacing 
liquid and f = porosity. 

Suppose that after + seconds liquid 1 in all capillaries 
with radii r, (and larger) is totally displaced by liquid 
2; then time ¢ can be evaluated if we consider one single 
capillary with radius r,. The amount of displacing liquid 
ISS 


4 
Try 


8yl 
By combining Eq. 2 with Eq. 1 we obtain: 
Vmax 
y= | Pyar 


If v, and all other volumes are expressed in the total 
pore volume as unit we may write: 


To 
The amount of liquid 1 produced at that moment 
(the recovery R, expressed in the pore volume) consists 
of the total pore volume of all capillaries with radii of 
r, and larger and the amount of fluid produced by the 
capillaries (r <r,) in which liquid 1 is partially dis- 
placed. 


Vmax 
ary 


| 
| 
| 
| Ve 
ry 


Tmax 


From Egs. 3 and 4, | F(r)dr cannot be evaluated 


ry 


dR 
directly. In order to do so an expression for ——, being 


dV’ 
the fraction of the displaced liquid in the liquid pro- 
duction, is derived by differentiating Eqs. 3 and 4 with 
respect to r,. 
By differentiating Eq. 3 with respect to r, we get: 


Vmax 
dr, 
To 
By differentiating Eq. 4 it is found that: 
dr, Ta 
Yo 
Eqs. 3, 4, 5, and 6, together result in: 
ry 
(=r). = =| | F(r)dr 
To r, 
(7a) 
or 


can be determined experimen- 


tally. R, — V, (=) can also be evaluated graphic- 


ally from the R vs V curve by noting that the intercept 
on the R-axis of a tangent to this curve equals 


dR 
R, Ve (=), 


Therefore, the fraction of the total pore volume 
occupied by capillaries with radii between r, and Frmox 
can be found. In order to evaluate r, we proceed as 
follows. If K is the permeability constant of the sam- 
ple, the amount of displacing liquid v, is: 


A 
vz, = K—— A pt. 


nl 
This, combined with Eq. 2, gives 
= 


If v, is again expressed in the total pore volume as 
unit, we may write: 


8K 
> 
if f is the porosity of the sample. 
Hence: 
(8) 
EXAMPLE 


The above will be illustrated by the following ex- 
ample. 


Fig. 1 shows how the experimental results can be 
plotted. As a check on the correctness of the deter- 
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minations it should be ascertained that the surfaces 
of the two hatched areas are equal. 

From the experimental results the values of R — V 

dR 

dV 
the pore radii. 

Fig. 2 gives the cumulative pore size frequency of 
core samples taken from a Bentheimer sandstone out- 
crop. Cross sectional areas of the cores were 20.3 cm’, 
the permeability 975.10 cm* and the porosity 0.289. 
Core sample A had a length of 37.9 cm, whereas 
sample B, which was cut from A had a length of 19.9 
cm. The cores were first saturated with iso-octane, 
which was displaced by toluene. The rate of displace- 
ment varied between 1 to 3 ml/min in the different ex- 
periments. Under these conditions the value of the 


can be derived and are then plotted against 


DfAl 
between 7.3.10 and 4.2.10". For the diffusion constant 
D an average value of 10° cm*/sec was taken. Accord- 
ing to Taylor’s criterion this means that the recovery per 
capillary should be practically 100 per cent. 

In the same graph the results are also plotted of a 
pore size distribution determination using mercury, car- 
ried out on representative pieces taken from A and B. 
It is seen that the results of the two methods are widely 
different. 


dimensionless group (see footnote page 64) varied 


DISCUSSION 


We shall confine ourselves for the present to discuss- 
ing methods in which a displacement process is studied. 
The method described by Erbe’, besides being laborious 
(see for a critical review of this method Manegold, 
et al.’), is based on the assumption that a liquid is quan- 
titatively displaced by another immiscible liquid, which 
is never the case in actual porous media. Finally, in the 
capillary pressure-saturation method? using mercury, 
large pores, which are only accessible via smaller pores, 
are measured as if they form part of the smaller pores, 
ie., the percentage of the pore volume occupied by 
small pores is found too high. 

The above should not be considered as a criticism 
of existing methods. These points are mentioned here 
only to illustrate that none of the methods for the deter- 
mination of pore size distribution can be claimed to be 
unequivocally “correct”. 
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Fie. 2—Cumutative Pore Size FREQUENCY Curve oF BentHEIM 
SANDSTONE. PERMEABILITY: 975.10-4 cm’. Porosity: 0.289, 


In experiments with miscible liquids the condition that 
r 
Dt 
rate of displacement and/or the length of the sample 


is smaller than, say 0.01, imposes restrictions on the 
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of porous material investigated (t = L/u). From an 
experimental point of view this restriction is not im- 
portant. As discussed in the example the value of the 
dimensionless group is usually much smaller than 0.01 
for conditions under which the experiment can con- 
veniently be carried out. 

The length of the sample also enters in another way 
into the considerations in connection with structure, 
i.e., with the dimensions of the “inhomogeneities” or 
“textural irregularities.” If, for example, the number or 
distribution of the textural irregularities is different for 
two different parts of a core, the pore size distribution 
for these two parts may be expected to differ from éach 
other and from that of the whole core. The same, of 
course, applies to other derived properties, such as 
porosity and permeability. It is also clear from the 
considerations discussed previously that, if in a core the 
number of textural irregularities is large and if they are 
distributed at random, in experiments with miscible 
liquids of the same viscosity and density the pore size 
distribution would appear to be very narrow. 


CONCLUSIONS 


In the methods (except the visual procedure) known 
at present for the determination of the pore size dis- 
tribution in porous media, a certain displacement process 
is studied and it is ascertained what assemblage of 
straight cylindrical capillaries would show the same be- 
havior. 

It has been shown that in doing so the pore size dis- 
tribution obtained is dependent on the type of displace- 
ment process studied. 

This fact demonstrates that the current concept of 
pore size distribution is not unequivocally defined. 
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Composition Correlations of Natural Gas 
in Reservoir Engineering Problems 


JUNIOR MEMBER AIME 


ASB 


This paper is presented as a sum- 
mary report of the use of well gas 
composition correlations obtained 
from mass spectrometer recordings 
as a means of identification and de- 
termination of reservoir continuity. 

Conventional methods for detect- 
ing composition differences are ex- 
pensive, elaborate, and difficult to 
obtain. This excludes the use of ex- 
tensive composition data for most 
applications. 

During recent years the mass spec- 
trometer has come into general use 
as an analytical tool in petroleum 
refineries. The use of mass spec- 
trometer composition patterns in 
characterizing or “finger-printing” 
the produced gas from a reservoir, 
presents a novel method for cor- 
relating gas samples from well to 
well. The mass spectrometer provides 
a trace similar to an electric log, 
having peaks which represent the 
abundance of certain hydrocarbons 
in the well gas sample. Without go- 
ing further into the detailed analysis, 
the idea has been advanced that 
these traces or patterns could be 
used as a means of identifying a 
particular natural gas. This theory 
has proven to be essentially cor- 
rect. The mass spectrometer pattern 
method is simple and cheap as coim- 
pared to other standard methods. It 
greatly facilitates the solution of res- 
ervoir and geological problems in 
which correlation of well gas com- 
positions is a factor. 

Specific field applications have 
been made. This paper concerns the 
results obtained in 465 individual gas 
analyses from 35 fields and 77 res- 
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ervoirs. In a number of cases it has 
been found that such data have been 
extremely valuable in the determina- 
tion of reservoir continuity. In at 
least one case, the method was a 
valuable contribution in tracing a 
reservoir from sand to sand in a 
complex faulted field involving nu- 
merous gas reservoirs. 

Field applications are presented to 
illustrate the possibilities of the 
method at the present stage of de- 
velopment and to stimulate the em- 
ployment of this new approach by 
geologists and petroleum engineers 
in the industry. 


D 


Identification of producing hori- 
zons and the determination of reser- 
voir continuity are often a problem 
in those areas where dome struc- 
tures and highly faulted sands are 
encountered. To complicate the pic- 
ture further, there may be numer- 
ous sands, one on top of the other 
which dip and diverge in different 
directions. Even though it may be 
possible to develop some solutions 
to the preceding problems on the 
basis of the geological and reservoir 
data on hand, it is readily recog- 
nized that substantiating data based 
on independent methods would be 
extremely valuable. It has been found 
through field studies that correia= 
tion of well gas composition can be 
used to advantage in the geological 
and engineering study of a complex 
reservoir identification problem. 


METHOD FOR COMPARISON 
AND CORRELATION OF 
WELL GAS SAMPLES 


Since a large number of well gas 
Samples are required in a gas 
identification or reservoir con- 


tinuity problem, it is necessary that 
a method of analysis be employed 
which can detect differences in com- 
position readily and inexpensively. 
Although detection would be pos- 
sible by means of low temperature 
fractional distillation (POD) anal- 
ysis, the method requires a relatively 
large sample and is comparatively 
slow and expensive to run. The mass 
spectrometer affords an inexpensive 
and precise analysis of small well 
gas samples taken at the surface 
which are about 1/300 as large as a 
POD sample. These samples can be 
obtained by regular field personnel 
and shipped to the spectrometer for 
analysis. It is, therefore, a practical 
approach to the problem. 


A typical record from the mass 
spectrometer is illustrated in Fig. 1. 
The peaks on the record represent 
the abundance of ions produced 
from the different hydrocarbon 
molecules making up the gas sam- 
ple. 

In well gas comparisons only five 
peaks are employed, since the other 
peaks are formed from the same gas 
molecules and furnish no additional 
information. The five peaks used rep- 
resent the abundance of methane, 
propane, ethane, butane and heavier, 
and oxygen. They are referred to 
respectively as the 16, 29, 30, 43, 
and 32 peaks. The oxygen peak is 
used to correct for air content in 
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the sample, the other four peaks are 
used in the well gas correlation 
method. 


The 29, 30, and 43 peak heights 
are calculated as percentages of the 
peak height at 16. These three ra- 
tio numbers are used to identify a 
given gas composition. Well gas sam- 
ples are compared and correlated by 
comparing these three ratios. 

Details concerning the field pro- 
cedure for Sampling wells and dis- 
cussion of the mass spectrometer in- 
strument may be found in the Ap- 
pendix. 


APPLICATION OF 
COMPOSITION CORRELATIONS 
TO RESERVOIR ENGINEERING 

PROBLEMS 


The following field examples il- 
lustrate the application of the mass 
spectrometer ratio number system 
to various problems encountered in 
reservoir engineering. 


IDENTIFICATION OF SAND 
RESERVOIRS — SHUTESTON AND 
NorTH CANKTON FIELDS — 
St. Lanpry PaRIsH, La. 


The findings of an extensive reser- 
‘Voir engineering and geological study 
of sands in the Shuteston field were 
substantiated by correlating the com- 
position of well gas from the sands 
under study. A cross-section of seven 
sands involved is shown in lees. 2) 
and the productive limits are illus- 
trated in Fig. 3. 

On the basis of geological inter- 
pretation, bottom-hole pressure data, 
material balance calculations, and 
electronic reservoir analyzer studies, 
the seven sands were resolved into 
two reservoirs, Reservoir A and Res- 
ervoir B. Reservoir A consists of 
three connected gas sands, Sands 1, 
2, and 3. Reservoir B consists of 
Sand 4, an oil sand with a gas cap, 
and Gas Sands 5, 6, and 7. 

Well gas samples were taken in 
duplicate from 22 wells completed in 
these sands. At the time of sam- 
pling, no wells were completed in 
Sand 5. 

Should the gas composition of the 
sands under question turn out to be 
similar, one would consider this as 
favorable substantiating evidence for 
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a connection, even though it would 
be quite easy to formulate a multi- 
tude of arguments pointing out how 
the composition could be the same 
for sands not connected. 


A correlation of the gas composi- 
tion, using the mass spectrometer ra- 
tio number system, is illustrated gra- 
phically in Fig. 4. Average ratio 


numbers for each sand, which were _ 


calculated from the individual well 
ratio numbers, are displayed in this 
graph. It can be seen from the graphs 
that the 29/16, 30/16, and 43/16 
ratio numbers fall into two distinct 
groups, Reservoir A and Reservoir 
B. Reservoir B consists of samples 
of three sands thought to be con- 
nected. Reservoir A likewise consists 
of sands thought to be connected. It 
is significant to note that the ratio 
numbers for Reservoir A do not 
overlap the ratio values making up 
Reservoir B. This would indicate the 


Sand +23 46-7 | +23 46-7 4-6-7 
Res, A B A B A 8 
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possibility of two distinct reservoirs, 
each of which is made up of several 
connected sands. This favorably sup- 
ports conclusions reached in the pre- 
viously mentioned study of these 
sands; namely, that the No. Mn De 
and 3 sands are connected, and that 
the No. 4, 6, and 7 sands are con- 
nected. 

Duplicate well samplings have in- 
dicated that the 29/16 and 30/16 
ratio numbers are the most reliable 
in correlation work, The 43/16 ra- 
tio number is affected often by sam- 
pling conditions where a very rich 
gas is encountered. For this reason 
the 43/16 peak is not always em- 
ployed in correlation problems, but 
is considered in other objectives of 
the program. A modification of pres- 
ent sampling methods is now under 
way to correct this difficulty. 

An interesting well identification 

problem existed in the preceding 
study. New geological interpretation 
and volumetric studies brought out 
that a gas well, the E. M. Boagni 
B-6, which had been considered to 
be completed in a separate sand and 
was located in the neighboring North 
Cankton field, was actually a part 
of the No. 6 sand, Shuteston field 
producing horizon. Fig. 3 illustrates 
the extent of the area involved. 
_ Well gas correlations confirmed 
this in that the produced gas had ra- 
tio numbers comparable to the No. 
6 sand and did not compare closely 
with any of the gas wells sampled 
in the North Cankton field. The mass 
spectrometer correlation is illustrated 
graphically in Fig. 5. 


PRODUCTION RESEARCH — 
INVESTIGATION OF ADDITIONAL 
FIELD APPLICATIONS 


Research on possible field appli- 
cations of the mass spectrometer well 
gas correlation system is being con- 
ducted. As soon as an engineering or 
geological problem in which well 
gas composition is a factor is made 
known, well gas samples are obtained 
from the field involved and a study 
of the data conducted. 

Possible applications under study 
at the time of the writing of this 
paper are here discussed. 

1. Detection of injected dry gas 
in a producing well. 

2. Study of possible compositional 
differences of reservoir gas associated 
with oil and gas not associated with 
oil. 

3. Detection of leaks in tubing and 
casing in dually-completed wells. 

4. Compositional differences be- 
tween solution gas and gas-cap gas. 
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5. Determine if geological age can 
be correlated with gas composition 
data. 


CONCLUSIONS 


The correlation of well gas com- 
position has been successfully em- 
ployed to corroborate the findings of 
a geological and reservoir engineer- 
ing study concerning the identifica- 
tion of producing horizons and con- 
nections. 


APPENDIX 
COST OF SAMPLING 


The average total cost per well 
sample is approximately one man 
hour for the mass spectrometer 
method as compared to approxi- 
mately eight man hours for the con- 
ventional POD method. A mass 
spectrometer laboratory located at 
the refinery has been employed in 
the work outlined in this paper and 
field personnel have taken a large 
portion of the samples. The total 
cost per sample experienced has been 
approximately $5. 


PROCEDURE FOR TAKING 
WELL GAS SAMPLES 


At the time this report was writ- 
ten, 465 gas samples had been 
taken involving some 35 fields and 
77 sands. The majority of these 
sands are located in the Texas and 
Louisiana Gulf Coast region. From 
this extensive sampling it has been 
found that, for analytical interpreta- 
tion of the mass spectrometer data, 
it is advisable to take well gas sam- 
ples in duplicate. The duplicate sam- 
ple analysis should agree within 1 
to 2 per cent or less. Although sam- 
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ples may be taken from the wellhead, 
it has been found that best results 
are obtained when it is possible to 
take the samples on the downstream 
side of a line heater connected to the 
well being sampled. Less variation 
in duplicate sample data occurs in 
the latter method because there is 
less freezing of the sample separator. 

If possible, the well should be 
flowing at the time of sampling. Sam- 
ples should be gas only and care 
should be taken to keep liquid out 
of the sample containers. A small 
separator shown in Fig. 6 is used 
to remove liquid from the gas stream 
being sampled. The separator oper- 
ates at atmospheric pressure. The 
particular separator shown provides 
connection for taking duplicate sam- 
ples simultaneously. The procedure 
for taking the samples is quite sim- 
ple and can be performed by compe- 
tent field personnel. 

The sample separator may be con- 
structed inexpensively from readily 
available oil field parts, as illustrated 
in Fig. 7. 


GENERAL DESCRIPTION OF 
MASS SPECTROMETER 
OPERATION 


Although a detailed discussion of 
the mass spectrometer is beyond the 
scope of this paper, it is believed 
that a simplified diagram will pro- 
vide an understanding of the data 
obtained from the instrument. Excel- 
lent references are available on the 
mass spectrometer™”** 


MASS SPECTROMETER 
INSTRUMENT 


The sample gas is fed into the 
spectrometer and passes through the 
following stages as illustrated in 
Fig. 8: 

1. Gas molecules are ionized by 
electron bombardment. 


‘References given at end of paper. 
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2. Ions are accelerated to a high 
velocity by electrostatic field. 

3. Ions move in circular path due 
to magnetic field and are sorted into 
individual streams according to mass 
and velocity of ion. 

4. Individual ion streams sweep 
across the collection plate as ion- 
accelerating voltage is varied. Ions 
striking collector are converted to an 
electric signal. 

5. Electrical signal is amplified. 

6. Ion currents or signal ampli- 
tudes are recorded on chart for 
range of masses under study. 

Additional details concerning the 
mass spectrometer instrument proce- 
dure used in the well gas correla- 
tion work may be obtained from A. 
B. Kent and J. F. Paulson, Sun Oil 
Co., Mass Spectrometer Laboratory, 
P. O. Box 426, Marcus Hook, Pa. 
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ABSTRACT 


The performance of laboratory water floods is com- 
pared with the flooding behavior calculated by the 
Buckley-Leverett techniques from steady-state relative 
_permeability-saturation relations. Both the steady-state 
and unsteady-state experiments were conducted on the 
same sand-packed column. Relative permeabilities were 
calculated by the Welge technique from the unsteady- 
State waterflooding displacement experiments and com- 
pared with those measured by steady-state techniques. 
An evaluation of the various calculation procedures 
was made. It was demonstrated that steady-state relative 
permeabilities could be used to calculate waterflood 
performance. 


INTRODUCTION 


To calculate the waterflooding behavior of a given 
reservoir, relative permeability-saturation relations of 
the reservoir rock are required. These relative per- 
meabilities are commonly measured on core samples 
by steady-state experiments such as the Penn State tech- 
nique.’ The relative permeabilities obtained in steady- 
state experiments are calculated from oil and gas flow 
rates and pressure drops measured under conditions of 
equilibrium distribution of oil and water in the pore 
spaces with slow approach to equilibrium. On the other 
hand, in water floods the water saturation at a given 
point changes rapidly with time as the flood front 
passes. 

Extensive research’ has shown that the steady-state 
relative permeabilities to-oil and water are independent 
of the rate of flow and the fluid viscosities. Research’ 
has also demonstrated that the waterflooding perform- 
ance of homogeneous sands uniformly contacted by 
water is independent of rate when capillary pressure 
gradients, which are important in short laboratory col- 
umns, are made negligible. However, there is little 
experimental data in the literature comparing relative 
permeabilities calculated from steady-state flow experi- 
ments with those calculated from flooding experiments. 

In this paper, the production data of two water floods 
and the relative permeabilities calculated from a series 
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of steady-state experiments on an unconsolidated sand 
column are presented along with the comparisons calcu- 
lated by the Buckley-Leverett and by the Welge tech- 
niques. The purpose of this study was to determine if 
steady-state relative permeabilities could be used to pre- 
dict the waterflooding performance. This study also 
permitted an evaluation of the Buckley-Leverett and 
Welge calculation procedures and allowed an insight 
into the nature of microscopic displacement of oil by 
water. 


EXPERIMENTAL APPARATUS AND 
PROCEDURE 


The apparatus used in this investigation was a Lucite 
column 1 ft long and 1% in. in diameter. A drawing 
of the apparatus is shown in Fig. 1. Six pressure taps 
were evenly spaced along the top of the column to 
measure the oil pressures. Three pressure taps fitted 
with small porous disks were spaced along the side of 
the column to measure water pressure. Water was ad- 
mitted to the inflow face of the sand through a porous 
disk while oil was admitted through a hole in the porous 
disk and distributed to the face of the sand by grooves 
machined in the porous disk. Retainer screens of 325- 
mesh stainless steel were cemented over the inlet and 
outlet ports and the pressure taps to prevent loss of 
sand. 

The column was packed with a clean dry sand all 
of which was finer than 200 mesh. Next, the sand was 
saturated with a solution of 150,000 ppm sodium 
chloride solution. The column was weighed dry and 
water-saturated to obtain data for the calculation of 
the pore volume. A 151-cp oil was then injected into 
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the column to displace the water to a low saturation. 
The viscous oil was in turn displaced by 10 pore vol- 
umes of evacuated kerosene, and the column was 
weighed to obtain data for calculation of the water 
saturation. The terminal water saturation was about 
15 per cent, and the kerosene saturation was 85 per 
cent. 

Steady-state relative permeability data were calculated 
from measurements made by injecting oil and water 
into the sand using two constant rate pumps. The first 
measurement was made by injecting a high ratio of 
kerosene to water into the column. When the pressures 
ceased to change and the oil and water production rates 
were equal to the rates injected, flow was stopped. The 
column was weighed to determine the fluid saturations. 
Seven additional relative permeability determinations 
were made by injecting progressively lower ratios of 
kerosene to water into the sand. The equilibrium flow 
rates of oil and water, the pressures in the water and 
oil, and the column weight were measured and recorded 
for each flow test. The last permeability determination 
was made by injecting only water into the column 
until no more oil was produced. 


At the termination of the series of steady-state meas- 
urements, the column was again flooded with 151-cp 
oil to a low water saturation. As before, the viscous 
oil was displaced by 10 pore volumes of kerosene. 
Then the column was water flooded by injecting the 
150,000 ppm salt solution at a constant rate. The cumu- 
lative production of kerosene and water and the pres- 
sure drop across the column were recorded at various 
times. 


To determine the effect of oil viscosity on flooding 
performance, another water flood was made on the 
column prepared to contain a 15 per cent water satu- 
ration and an 85 per cent saturation of 151-cp oil. 
Water was injected at a constant rate, and the produc- 
tion of viscous oil and water and the pressure drop 
were recorded at various times. 


CALCULATIONS AND RESULTS 


The ratio of relative permeability of water to relative 
permeability to oil was calculated as a function of 
saturation by the Welge* technique for each of the 
two water floods. The results of these calculations are 
compared in Fig. 2 with the relative permeability ratios 
measured in the steady-state experiments. The agree- 
ment, as noted in Fig. 2, is excellent. 


The data were also compared by calculating the 
flooding performance by the Buckley-Leverett proce- 
dure’ using the relative permeability-saturation rela- 
tions measured in the steady-state tests. The oil pro- 
duced in the two water floods and the calculated be- 
havior are presented in Fig. 3 as a function of the 
water injected. The experimental and calculated flood- 
ing performance are in good agreement. 


INTERPRETATION OF RESULTS 


The fact that the relative permeabilities calculated 
from waterflooding data agree with steady-state relative 
permeabilities is interpreted to mean that the micro- 
scopic distribution of oil and water at any given satura- 
tion is identical for the two cases. Even though the fluid 
saturations change rapidly in the region of the flood 
front in a water flood, the oil and water are apparently 
distributed in the pore spaces in their equilibrium posi- 
tions at each particular saturation. This gives strong 
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support to the theory" that the capillary forces as- 
sociated with the preference of the sand to be wet by 
water contro] the microscopic distribution for all prac- 
tical rates of water flooding. 

The relative permeabilities, and by inference the 
microscopic distributions of oil and water, are also 
independent of the fluid viscosities. Examination of 
the data in Fig. 2 reveals that both the relative per- 
meability ratios calculated from the water flood of 
151-cp oil and the water flood of 1.8-cp kerosene are 
identical with the relative permeabilities measured in 
steady-state flow with kerosene and water. 

The microscopic distribution of oil and water exist- 


0.7 
ie) 
0.6 
0.5 
> 
3 
o VY. 
03 
3 
< 0.2 Curves show calculated flooding performance 
5 © Experimentally observed water displacing 
1 ep oil 
0.1 © Experimentally observed water displacing — 
1.8 cp oil 
| | | 
0 0.5 1.0 LB) 2.0 25 


Water Injected, Pore Volumes 


Fic. 3—Comparison oF WATERFLOODING BEHAVIOR WITH 
BEHAVIOR CALCULATED FROM STEADY-STATE RELATIVE 
PERMEABILITIES. 


PETROLEUM TRANSACTIONS, AIME 


ing in the pore spaces of the sand at a given satura- 
tion in the water floods may be inferred to be inde- 
pendent of the rate of water advance. Since the dis- 
tribution in the fast laboratory floods is interpreted to 
be the same as the steady-state equilibrium distribu- 
tion, the equilibrium distribution would be expected to 
be attained at reservoir flooding rates. 

Finally, the Buckley-Leverett calculation procedure 
and the Welge calculation procedure are demonstrated 
to be valid by these experiments. The waterflooding 
behavior of the sand is accurately predicted for water 
floods by the Buckley-Leverett procedure using steady- 
state relative permeability-saturation relations. The pre- 
cautions which must be taken in using these procedures 
is that the laboratory floods be sufficiently fast or the 
laboratory column sufficiently long that capillary -pres- 
sure gradients are negligible’, and that the sand be 
homogeneous and uniformly contacted by the water. 


CONCEUSIONS 


The following conclusions may be reached as a re- 
sult of this experimental investigation of the flow of oil 
and water in strongly water-wet sands which are homo- 
genous and uniformly contacted by water. 

1, Steady-state relative permeabilities may be used to 
calculate the waterflooding performance. 

2. The relative permeabilities measured in steady- 
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state flow experiments agree with those calculated from 
waterflooding tests. 


3. For any given Saturation, the relative permeability 
to oil and water existing in the pore spaces during a 
water flood is independent of the fluid viscosities and 
the rate of water advance, 


4. The relative permeability-saturation relation calcu- 
lated from a laboratory water displacement of oil of 
one viscosity may be used to predict the displacement 
behavior of oil of a different viscosity. 
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Development of a Generalized Darcy Equation 


ABSTRACT 


General equations relating the 
pressure drop necessary to sustain 
the flow of a fluid through a porous 
matrix at a given rate have been de- 
veloped. The results indicate that at 
high values of flow rate the pressure- 
flow behavior may not necessarily 
satisfy the usual Darcy equation. 

The mathematical analysis, carried 
through the micro-pore geometry and 
extended through the macro-reservoir 
scale, indicate that Darcy’s law, of 
limited applicability to certain ranges 
of Reynolds numbers, can be gener- 
alized through the inclusion of some 
additional parameters. 

The “generalized Darcy equation” 
has also been formulated in dimen- 
sionless form permitting the evalua- 
tion of its predictive accuracy with 
regard to literature data. 

A comparison between predicted 
and experimental values indicates 
that the generalized Darcy equation 
predicts the pressure drops with good 
agreement over all possible ranges of 
Reynolds numbers. 


INTRODUCTION 


The limits and the nature of valid- 
ity of Darcy’s law* has been a subject 
of every-day interest to the industry 
for many years. 

It is well known that as the Rey- 
nolds number, characteristic of the 
fluid flow through porous media, be- 
comes large, Darcy’s law gradually 
loses its predictive accuracy and ulti- 
mately becomes completely void. 
For the last 20 years much has been 
said and written on this subject. Un- 
fortunately little has been accom- 
plished to bring about a satisfactory 
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agreement, at least on the nature of 
the threshold of validity of Darcy’s 
law. Fluid dynamists, geo-physicists, 
and engineers all had their individual 
views, explanations, interpretations 
and concepts on the subject. To 
some, a mechanistic analogy with 
pipe-flow proved a satisfactory expla- 
nation.” To others,’ turbulence, in its 
random character, was incompatible 
with the geometric structure of con- 
solidated porous systems. To some,’ 
turbulence merely represented a fac- 
tor influencing the permeability meas- 
urements and again to others”** em- 
pirical or semi-empirical correlations 
proved satisfactory from an engineer- 
ing viewpoint. 

Deviations from Darcy’s law at 
high flow rates have been studied by 
systematic experiments by Fancher, 
Lewis, and Barnes.’ In an article on 
the flow of gases through porous met- 
als, Green and Duwez* conclude that 
the onset of turbulence within the 
pores appears unsatisfactory to ex- 
plain deviations from Darcy’s law. 
This view is held by many others. 

While the subject remained con- 
troversial for many years, the devel- 
opment of vast natural gas reserves 
throughout recent years further justi- 
fied considerable interest on this 
problem from the standpoint of gas 
reservoir behavior. As large amounts 
of field data became available from 
the operation of many gas fields, it 
became evident that the steady-state 
behavior of gas wells was not, in gen- 
eral, in agreement or compatible with 
Darcy’s law. This suggested a careful 
reconsideration of all mechanisms 
which may account for pressure 
drops in addition to viscous shear. 

In a series of articles’” A. Hou- 
peurt indicated that deviations from 
Darcy’s law may be explained on the 
basis of kinetic energy variations and 


jetting effects without resorting to as- 
sumptions on turbulent flow condi- 
tions. Another article by Schneebeli™ 
indicates that special experiments by 
Lindquist clearly demonstrated that 
the onset of turbulence does not nec- 
essarily coincide with conditions of 
deviation from Darcy’s law. This 
view is also held by M. King Hubbert.” 


Starting with the basic pressure- 
flow relations suggested by Houpeurt, 
the derivation, development and ex- 
tension of analytical expressions to 
supplement and generalize Darcy’s 
law has been the objective of this 
work. 


MATHEMATICAL ANALYSIS 


DERIVATION OF DIMENSIONLESS 
PRESSURE-DROP, FLOW-RATE 
RELATIONS 


In considering the flow of a fluid 
through a porous matrix geometrical- 
ly represented by a succession of 
capillary passages in the shape of 
truncated cones,” an approximate 
expression may be derived relating 
viscous and inertial, i.e., total pres- 
sure drop to the physical properties 
of the fluid, geometric properties of 
the rock matrix and the rate of flow: 


AP_hy 


Ar k 167” 
(1) 
Let us formally set: 
— 1 


16n” m 

Such a representation is equivalent 
to assert that the term [c(m* — Dy 
16n”m], variable with various porous 
media and probably highly variable 
within a given porous medium, may 
be macroscopically defined as equal 
to a lithology factor times the aver- 
age grain diameter d. In view of the 
usual grain and pore size distribu- 
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tions encountered in consolidate por- 
ous media, purely mathematical jus- 
tifications of such a generalization 
appear to belong to statistical me- 
chanics and are beyond the scope of 
this study. From the standpoint of 
engineering analysis, however, as it 
will be shown later, the laboratory 
data obtained by careful, systematic 
experiments’ indicate that such lithol- 
ogy factors can be found to correlate 
the non-Darcy, pressure-drop flow 
behavior, through cores from various 
producing formations. 

Recalling the definition of dimen- 
sionless friction factor by Fanning 
equation”: 

p IK IG 
going back to Eqs. 1 and 2, and sub- 
stituting the definition of the Rey- 
nolds number: 


Vd 
(4) 
we obtain 
a 


Eq. 5 is the dimensionless, general- 
ized Darcy equation where f repre- 
sents the friction factor defined by 
the Fanning equation. 


COMPARISON OF 
THEORETICAL RESULTS WITH 
EXPERIMENTAL DATA 


Fig. 1 is given as basis for com- 
parison of Eq. 5 with experimental 
data available from the literature.’ 

The friction factor vs Reynolds 
number data published by Fancher, 
et al., is used to compare f vs R, 
plots predicted by Eq. 5, for various 
values of a, with results from actual 
laboratory measurements. 

The core properties of the samples 
given in Fig. 1 are included in Ta- 
ble 1. 

The average grain diameters were 
determined by using screen analysis 
data and the equation 
= (6) 

xn 

Most of the flow data used in this 
analysis was taken by water. Some 
measurements obtained by air are in- 
dicated on the plots. 

The examination of Fig. 1 indi- 
cates that for specific values of a fac- 
tors the general theoretical, pressure 
drop, flow rate relations can be satis- 
fied with fairly good accuracy inde- 
pendently of the ranges of Reynolds 
numbers. 

The plots in Fig. 1 also indicate 
the general family of curves which 
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can be predicted for a given value of 
the permeability, porosity, but for 
varying lithology factors a. 

The considered data indicate that 
the range of applicability of Darcy’s 
law varies between R, = 0.5 (No. 
20 Woodbine sand) and about R, = 
8.0 (No. 23 Woodbine sand). Most 
of the samples considered begin to 
deviate on or about R, = 1.0. 

A typical natural gas well produc- 
ing about 33 Mcf/D/ft of pay thick- 
ness would have at the wellbore a 
Reynolds number equal to 36.3 (po- 
rosity » = 10 per cent; gravity = 
0.68, and viscosity 4. = 0.02 cp). A 
production rate of 330 Mcf/D/ft of 
reservoir thickness may be consid- 
ered an exceptionally high rate for a 


gas well. This rate, by a similar cal- 
culation, yields a maximum Rey- 
nolds number of about 1,200. 

In taking a typical case of No. 22 
Woodbine sand the data indicates 
that for Reynolds numbers larger 
than 1.0 the Darcy equation would 
gradually lose its validity in predict- 
ing the friction factor or the pressure 
drop. For R, = 10 it can be seen that 
f = 7.4, whereby f predicted by Dar- 
cy’s law is equal to 4.0. The over-all 


pressure gradient re thus would be 


about 1.85 times the pressure gradi- 
ent predicted by Darcy’s law. 

At a given Reynolds number the 
ratio between the pressure gradients 


TABLE 1—CORE PROPERTIES AND LITHOLOGY FACTOR (a) 


Average Diameter 
Name of Sand 


Permeability 


Porosity 
Lithology Factor 


(dimensionless) @ (dimensionless) 


No. 7 Woodbine 0.01010 
No 23 Woodbine 0.00128 
No. 8 Wilcox 0.01400 
No. 9 3rd Venango 0.02500 
No. 13 Wilcox 0.01400 
No. 20 Woodbine 0.01670. 
No. 14 Warren 0.00650 
No. 22 Woodbine » 0.00162 


182.0 0.197 0.0634 
341.0 0.288 0.00054 
352.0 0.159 0.0213 
1130.0 0.119 0.0252 
555.0 0.163 0.01305 
2500.0 0.269 0.0223 
139.0 0.192 0.0429 
3390.0 0.221 0.0188 


| 
| 


predicted by Eq. 5 to the pressure 
gradients predicted by the usual 


Darcy equation is ( as de- 


fined before. For reservoirs produc- 
ing crude oil the correction term 


(2 x.) is usually very small com- 


pared to unity and may be considered 
negligible in most cases. 
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The theoretical analysis, its gener- 
alized results, and available labora- 
tory data indicate that for a given 
porous medium having a high Rey- 
nolds number the pressure-drop, 
flow-rate behavior does not necessa- 
rily satisfy the usual Darcy equation. 
As the Reynolds number is increased, 
the deviation from the Darcy law be- 
comes more and more apparent. This 
deviation is not necessarily due to 
turbulence. Its nature, its threshold, 
and its magnitude are all predicted 
by theoretical fluid-flow equations. 
In the development of these equa- 
tions the porous medium is consid- 
ered as a bundle of capillaries of 
varying size. In addition to the pres- 
sure drops which occur as a result of 
viscous shear, the changes of kinetic 
energy irreversibly lost to ambient 
media may be analytically evaluated. 

When the Reynolds number is 
small the steady-state flow through a 
porous medium may be completely 
described by the permeability of the 
matrix and the viscosity of the fluid. 
At high values of Reynolds number, 
however, a similar description of flow 
requires data on additional parame- 
ters such as porosity, grain size, and 
lithology factor. 

At low Reynolds numbers the flow 
is laminar and follows Darcy’s law 
very closely, it may be referred to as 
the “Darcy-flow” regime. 


At higher Reynolds numbers the 
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inertial forces become appreciable in 
comparison to viscous forces. The 
flow may still be laminar but it can 
no longer be predicted by Darcy’s 
law. It can be predicted by the gen- 
eralized Darcy equation and it may 
be referred to as the “non-Darcy 
flow” regime. The transition from 
Darcy to non-Darcy flow is a grad- 
ual one. 

At still higher values of the Rey- 
nolds number the inertial effects may 
become large compared to viscous 
effects and cause turbulence at least 
localized to large voids, fractures, 
Cavities, etc.... This regime may be 
called the “porous turbulent flow” 
regime. 

c = radius of a capillary constric- 

tion 

d = average grain diameter 

d, = grain diameter from screen 


| 


analysis 

f = the dimensionless friction fac- 
tor 

k = the permeability of porous 
medium 


m = radius of a capillary enlarge- 
ment divided by the radius, 
of a capillary constriction, 
a dimensionless parameter 

mc = radius of semi-pore opening 

n” = length of a semi-pore divided 
radius of a capillary, con- 
striction, a dimensionless 
parameter 

n’c = length of a semi-pore 

P = the pressure 

R, = the Reynolds number, dimen- 
sionless 

V = average fluid velocity 


—— = over-all pressure gradient 


a = a lithology factor, dimension- 
less 

= the porosity 

yu = the viscosity of fluid 

A = denotes a differential quantity 


Ar = length or radius of a core 
sample 
p = density of fluid 
= denotes summation 
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PETROLEUM TRANSACTIONS, AIME 


Influence of Differential Displacement in Invaded Oil 
and Gas Sands on the Induction Log 


It has been observed that upon 
invasion of a sand containing oil or 
gas and connate water by mud fil- 
trate the hydrocarbons are more rap- 
idly flushed by the filtrate than is the 
connate water.’ In time, it appears 
that the following displacement pat- 
tern emerges: oil (or gas) is being 
Swept ahead by connate water which, 
in-turn, is pushed by invading fluid. 
Eventually the connate water may 
have “banked up” sufficiently to 
form a zone of appreciable thickness 
leading the invading front. In the 
extreme case, Fig. 1 shows how the 
situation will develop.’ 

Immediately adjacent to the bore- 
hole (radius r) there is a zone, the 
invaded zone proper, where the con- 
nate water has been flushed out com- 
pletely and which contains only 
residual oil or gas and mud filtrate. 
This zone (extending out to a radius 
r;) grades more or less abruptly into 
the next (thickness A), which con- 
tains only residual hydrocarbon and 
connate water. Beyond it, again more 
or less sharply bounded, extends the 
virgin formation with the original 
interstitial water saturation S,,. The 
various saturations are indicated in 
Fig. 1. 

The three zones generally will be 
marked by resistivity contrasts owing 
to their different fluid contents. As 
the connate water is usually more 
saline than the invading fluid, the 
second zone having a high connate 
water saturation forms a concentric 
cylindrical ring or annulus of low 
resistivity R, around the borehole."? 
It will be referred to as the “low 
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zone.” Fig. 1 shows schematically 
the resistivity profile. 

It is clear that the phenomenon of 
a low zone could not occur in in- 


vaded water sands. The presence of 


a low zone, therefore, would be a 
qualitative indication of a hydrocar- 
bon-bearing formation. Granted that 
the phenomenon is real, if it were 
pronounced enough to be detected, 
One might thereby have a means of 
locating oil or gas in the ground. 
This is the aim of the “displacement 
logging” method.’ In any case, the 
presence of a low resistivity zone 
will affect the reading of electric 
logs. Using conventional log inter- 
pretation techniques, one must be 
aware of this and, if necessary, cor- 
rect for it. 


Whether correction or detection 
should be the goal will depend pri- 
marily on the magnitude of the ef- 
fect. The type of log which is likely 
to be affected most is the induction 
log. The current pattern of an induc- 
tion log is concentric with the bore- 
hole. Any concentric ring of low re- 
sistivity, therefore, will tend to be- 
come crowded by current lines. This 
zone of maximum current density 
will obscure the relative contribu- 
tions to the current conduction by 
other portions of a bed making, for 
instance, the contribution of the vir- 
gin formation less significant and 


BORE 


LOW ZONE| 


VIRGIN FORMATION 


Ry- - - - Resistivities 
— RESISTIVITY PROFILE 


INVADED ZONE 


Sw _warer saturations 


! 
| 
! 


Fic, 1—Finax Srate or DeveLOPMENT OF 
“Low Zone” (Extreme Conpitions). 


thus detracting trom the value ot the 
induction log as an R, reading de- 
vice. 

The present note is intended to 
ascertain the maximum possible ef- 
fect of a low zone in the extreme 
case portrayed by Fig. 1 on three 
commercially available types of in- 
duction logs, sc., 5 FF 27, 5 FF 40 
and 3 F 60. Type 5 FF 27 or 5 FF 
40 is currently run in conjunction 


-with a 16 in. normal and SP log. 


This combination is gradually replac- 
ing the regular electric survey (two 
normals and one lateral) as a stand- 
ard log in many areas. 

On the basis of the scheme of Fig. 
I (sharp boundaries between suc- 
cessive zones), the thickness of the 
low zone may be computed for va- 
rious amounts of infiltration meas- 
ured by the ratio of invaded zone 
diameter to hole diameter D,/d. Re- 
ferring to Fig. 1, we can set up a 
material balance for the water dis- 
placed from the invaded zone proper 
and the water present in the low 
zone. 

The volume of connate water dis- 
placed from invaded zone upon flush- 
ing by mud filtrate is: 

where 


e = bed thickness 

= porosity 

Se = original connate water satu- 
ration. 


The volume of water finally accu- 
mulated in the low zone is: 

where S,; = 1 — S., = “water” 
saturation in the invaded and low 
zones both. 

The volume of water originally 
present in the low zone is: 


Veer 
Our material balance requires that 
V; = V, + V, or 
After some reduction there results: 
a quadratic equation in A. 


Write: 
then 
Solving for A/r we obtain: 
A 
| 
—|- 1 


with b and a 

Fig. 2 shows a plot of A/d as a 
function of D,/d for two different 
FatiOs' = 2 and S,,/S, = 4. 
The two different values of the ratio 
Si /S. Shown are probably realistic 
limits. They correspond to, e.g., S., 
= 20 per cent and S,, = 20 per cent 
and to S,, = 33 per cent and S,, = 
33 per cent, respectively. Conceiv- 
ably, S,, varies from 10 to 50 per 
cent with a corresponding variation 
of S,,, between 90 and 50 per cent. 
S,. in oil sands probably varies be- 
tween 10 and 50 per cent so that the 
extreme range of S,,;/S,, would be 

Swi 

For a clean sand the resistivity 
contrasts between the zones can be 
easily calculated. j 

Invaded zone: 


fect, we may write on the strength of 


| | | | 
R, 
i 2 
2 + 5 10 2 ts 
Fic. 2—Maximum Tuickness or “Low Sve 
Zone” vs InvASION DIAMETER. = 
R 1 
a = 4 
R, A+B+C 
a ar With the help of Fig. 2, one may 
Virgin zone: determine the thickness of the low 
FR: zone for any given amount of inva- 
ene Ss sion. From these data the geometri- 
ont cal factors C;, C, and C, may be 
: R s\2 R read for any hole size from the 
at = ( 2) and — = curves provided by Schlumberger’ 
R, giving the geometric factors of infi- 
Soc ane, (2) nite cylinders for a particular type 
induction sonde. This has been done 


The apparent resistivity for infi- 
nitely thick beds read on an induc- 
tion log is given by 


1 C; C; 

Re Re R, R, 
(3) 
where the C’s are the geometric fac- 


tors of hole, invaded zone, low zone 
and virgin formation in the same 
succession. 

In order to get a general idea of 
the relative effects of the zones with- 
out having to plot an inordinately 
great number of graphs, we disre- 
gard the hole effect and bed thick- 
ness effects; in other words, the term 
Cnr/Rn in Eq. 3 will be neglected 
This is usually permissible in view of 
the smallness of C,, (although this 


for a 10-in. hole. The results for the 
5 FF 27 induction log are shown in 
Table 1. Similar computations have 
been made for the other two types 
of sondes. 

The quantities A, B and C are 
next computed. They are also listed 
in the table, viz, for the conditions 
= 4 and 2, Ras/R, 
Finally, the resultant ratio of appar- 
ent resistivity to true resistivity R,/R, 
[Eq. 4] is given. This is compared 
with the ratio of apparent to true re- 
sistivity which would obtain were 
there no low zone present. The lat- 
ter ratio is denoted R’/R, in the 
table. It was computed from the geo- 
metric factors C, and C’, respec- 
tively, of invaded zone and virgin 
zone in the absence of a low zone. 


ER Seay ies FRny may be offset by the fact that R, is The results for all three types of in- 
Ike He ier also small as compared, for instance, duction sondes are compounded in 
Low zone: to R,). Disregarding the borehole ef- Figs. 3 through 6. (It is entirely pos- 
Sw Rw 
A=Ci (= ) C= CrA+B+C Ra/Rt A 
10 0.0 0.06 000 0.98 0.98 0.02 0.00 0.00 098 0.98 1.02 0.9 
0.87 0.02 3.176 0.64 0:83 1.646 0.61 1-646 
400219) 0109. 0841 0.50 0.02 0.767 1.44 0.41 2.617 0.38 0.79 
50 3.7 0.60 0:07 0.31 0.38 0.02 0.960 1.12 031 2.390 0.41 1.340 0.75 
AB OS “OM 0.29 0.02 1.100 0 80 0.24 2.140 0.47 1.390 0.72 
0.23 0.02 1.200 0.64 0.19 2.030 0.49 1430 0.70 
O 0.19 0.02 1.263 0.64 O15 "21053 0:49" 1459 90.69 
90 68 0.82 0.035 0.125 0.16 0.02 1.310 0.56 0.125 1.995 050 1.470 0.68 
it) O85 OO 0.13 0.02 1.360 0.32 0.11 1.790 0:56 1.490 0.67 
R 
Sw Rw 
10 0.0 000 0.00 0.98 0.98 0.02 0.00 0.00 0.98 09 
82) 0.87 0.02 0.045 0.52 0.74 1.305 109 
52 0.67 0.02 0.124 0.74 0.485 1.349. 0:74 0.794 1.26 
40 7.7 048 0.17. 0.33 0.50 0.02 0.192 0.68 5339 94/202 = 0.692 
OF 0.38 0.02 0.240 0.56 0.24 1.040 0.96 0.620 1.61 
60 108 069 0.10 0.19 0.29 0.02 0.276 0.40 0.19 0.866 115 0.566 1.77 
01085 0.145 0.23 0.02 0 300 0.34 0.145 0.785 1127. 0.530 1.89 
80 14.2 0.79 0.07 0.12 0.19 0.02 0.316 0.28 kos 
90 168 C82 0.06 0.10 0.16 0.02 0.328 0.24 0.10 01688 1.50 0.488 2.04 
100 20.5 0:85 0.05 0.08 0.13 0.02 0 340 0.20 0.08 0.620 161 0.470 2.12 
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1s 20 25 30 35 40 45 
INVASION INCHES FROM BOREFACE 


Fic. 4—REsPonseE or Inpuction Locs, 
Hore Errecr Disrecarpep. 


sible that some of the more extrava- 
gant gyrations of the curves are due 
to errors in the calculations, as the 
geometric factors could not be read 
with great accuracy from the avail- 
able graphs. The main trend and 
position of the curves, however, 
should be approximately correct.) 
Figs. 3 through 6 show the relative 
induction log readings expressed by 
R,/R, on clean, infinitely thick, oil 
(gas) sands as a function of invasion 
for specified values of S.i/S» and 
Rns/R.» under the limiting condi- 
tions of (a) no low zone develop- 
ment (the dotted curves) and (b) 
extreme low zone development (the 
solid curves). 

So far in induction log interpreta- 
tion, the possibility of a low zone 
being present has not been taken 
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Fic. 5—RrEsponse or Inpuctrion Locs, 


Hote Errect D1srecarpep. 


into account, i.e., R, values were al- 
ways corrected to R, values by using 


the dotted curves. It is seen that the. 


difference in readings with and with- 
out low zone effect is considerable, 
so that even in less extreme situa- 
tions the error, due to its being dis- 
counted in ordinary interpretation of 
the induction log, may be quite seri- 
ous. This seems to be true regardless 
of the R,,,/R, ratio, although the 
discrepancy might generally be some- 
what smaller for R,,,/R,, ratios closer 
to 1. As may be expected, the effect 
iS invariably to lower R., which 
means that the contrast between oil 
and water sands on the log is less- 
ened. 

It is well to remember that the 
figures given here represent max- 
imum effects. We are only safe io 
conclude that the effects will be no 
worse than this. Since the effect of 
the low zone at its maximum devel- 
opment (complete separation of fil- 
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trate and connate water; sharp cylin- 
drical boundaries between successive 
zones) On any one induction log is 
quite drastic, it may seem that it 
ought to be detectable by appropri- 
ate measures, 


On the other hand, a glance at 
Figs. 3 through 6 suffices to show 
that the possibility of recognizing the 
presence or absence of a low zone by 
a combination of the currently ayail- 
able induction logs of different 
spacing lengths appears extremely 
remote. 
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Bottom-Hole Pressure Reduction Due to Gas Cut Mud 


ABSTRACT 


Strong’s equation for calculating 
bottom-hole pressure reduction due 
to gas cutting of drilling mud is cor- 
rected, resulting in a simpler equa- 
tion which is easier to use. Use of 
the equation is illustrated by exam- 
ples. It is shown that reduction of 
weight of a 10 lb/gal mud by 50 per 
cent at the surface due to gas cutting 
produces only a 3 per cent decrease 
in hydrostatic head at the bottom of 
a 5,000-ft well. It is also shown that 
at the surface 5 volumes of air per 
volume of mud are required to re- 
duce the apparent mud weight from 
8.5 to 6.5 lb/gal in a 3,000-ft well. 
Illustrative graphs are included to 
show the effect of various degrees of 
gas cutting on apparent mud weight 
at depths of 2,000, 5,000 and 10,000 
ft and to show variation of appar- 
ent mud weight, with depth for a 
100 Ib/cu ft (13.37 Ib/gal) mud gas 
cut to 90 Ib/cu ft (12.03 Ib/gal) at 
the surface. 


In 1938, Strong’ published the fol- 
lowing equation for calculating re- 
duction in bottom-hole pressure due 
to gas cutting of drilling mud 


n 
P+ 


100 n 
100 


where: h = depth in feet 
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P = pressure in atmospheres 
at depth h due to 
mud column only 


D = hydrostatic pressure in 
atmospheres of a col- 
umn of uncut mud 1 
ft high 

p = back pressure at well- 
head (in atmospheres ) 


n/100 = fraction by volume of 
gas in mud at well- 
head at back pres- 
sure p 

This equation was recently found 
to contain an error due to an incor- 
rect expression for variation of vol- 
ume fraction of gas with pressure. 
Values calculated by the original 
equation are close to the correct 
values for small percentages of gas 
for which it was derived but become 
increasingly erroneous as the gas 
content increases and are completely 
unusable at the very high gas con- 
tents employed in aerated mud. 


DERIVATION 


The nomenclature used is the 
same as in Strong’s paper. The pres- 
sure dP exerted by a lamina of 
thickness dh at a depth h ft is ex- 
pressed by Eq. 1 where x = volume 
fraction of gas at depth h 

When we express x in terms of the 
wellhead per cent gas n, the well- 
head pressure p and the pressure 
P at depth h, the result is Eq. 2. 


[Pa 

(100 — n) + eS) 


When this is substituted in Eq. 1 
and rearranged to separate the var- 
iables the result is 


x= 


BAROID DIV., NATIONAL LEAD CO. 
LOS ANGELES, CALIF. 


1 np dP 


Integration between appropriate lim- 
its results in 


np 
+ 100-n in ( )| 


or if the wellhead is open so that 
p = 1 atm and we rearrange Eq. 4, 
the result is 
loss in head = hD — P 
n 
In. ( 1 
Eq. 5 can be solved easily by 
successive approximation using hD 
as a first approximation for P on 
the right-hand side and calculating 
a first value for loss in head. This 
can then be used to get a new value 
of P using the left-hand side of the 
equation. Values converge very rap- 
idly even for quite large values of 
per cent by volume gas n. 


EXAMPLES 


The effect on bottom-hole pressure 
of 50 per cent gas cutting of the 
mud in a 5,000-ft well using 10 1b/ 
gal mud will be calculated. 
we have: h = 5,000 ft 

_ 10 X 7.48 
144 X 14.7 
= 0.0353 atm/ft 
hD = 176.5 atm 
n= 50 

Substituting these values in Eq. 5 
and using AD as a first approxima- 
tion of P on the right, we have, 


approximate loss in head = 2s 


(176.5 log 177.5 = 
5.17 atm. 


We calculate a new value of P as 
follows: 
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GAS CUT MUD WEIGHT AT SURFACE - LB/CU/FT 


APPARENT MUD WEIGHT AT DEPTH 
LB/CU/FT 


Fic. 1—Apparent Mup Wercut at Depru 
vs Gas Cur Mup Weicur AT SURFACE 
(For 100 LB/cu rr Mup). 


Pe 171.33 atm: 
Using this value of P we recalculate 
the loss in head. Loss in head = 2.30 
log 172.3 = 5.14 atm = 75.6 psi. 
The per cent loss in head is only 
about 3 per cent even for an assumed 
extreme gas cutting of 50 per cent. 
Similar calculations show that reduc- 
tion of a 16 lb/gal mud (119.7 Ib/cu 
ft) to 13.6 lb/gal (101.7 Ib/cu ft) 
by gas cutting will reduce the bottom- 
hole pressure at 10,000 ft by only 
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18.6 psi and at 1,000 ft by 11.9 psi. 


Fig. 1 shows how the apparent 
mud weight at 2,000, 5,000 and 10,- 
000 ft for a 100 lb/cu ft mud (13.36 
Ib/gal) varies with the degree of 
gas cutting. 

Fig. 2 shows how the apparent 
mud weight varies with depth for a 
100 Ib/cu ft (13.36 Ib/gal) mud cut 
to 90 lb/cu ft (12.03 lb/gal) at the 
surface, 

The equation can also be used to 
calculate the approximate volume of 
air per cubic foot of mud required 
to reduce the apparent mud weight 
to a given figure. Suppose it is de- 
sired to know the ratio of air volume 
to mud volume required to reduce 
the mud weight from 8.5 1b/gal to an 
apparent 6.5 lb/gal at 3,000 ft. 


8.5 X 7.48 


2,000 


)- 90.1 atm 


6.5 X 7.48 


( 144X147 


) = 68.9 atm 


APPARENT MUD WEIGHT-LB/CU/FT 


SURFACE 2000 4000 6000 8000 
DEPTH h- FT. 

Fic. 2—Apparent Mup WEIcHT vs 

FOR 100 tB/cu rr Mup Gas Cur to 90 

LB/CU FT AT SURFACE. 


ratio of air volume to mud volume = 


n 
100-—n 2.30 log (P + 1) 
n 212 


100 — n~ 2.30 log 69.9 
= 5 cu ft air/cu ft mud 
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Sal 


A new instrument for measuring bulk and grain vol- 
umes is described, and compared in accuracy with two 
modifications of Nutting’s method. All three methods 
are reasonably fast, and in all three the probable error 
in the determinations of bulk volume can be kept down 
to about 0.1 to 0.2 per cent. 


The new pycnometer described in this paper is de- 
signed to give speed without sacrificing accuracy. Some 
time ago Russell’ described a somewhat similar appa- 
ratus; however, the instrument described in the present 
paper is more accurate. Nutting’ designed the pycnom- 
eter shown in Fig. 1 (A and B), and Pirson® has shown 
points like those of Fig. 1-D. The procedure described 
in this paper for using Nutting’s pycnometer has been 
modified from that used by Nutting. 


CHOICE OF LIQUIDS 


The best liquids for measuring grain volumes are 
hydrocarbons or chlorinated hydrocarbons which evapo- 
rate slowly. Trimethylbenzene or mesitylene, triethylben- 
zene, carbon tetrachloride, and tertalin have been used 
for this purpose. Any of these liquids or mercury may 
be used for measuring bulk volume. 


PREVENTING ERRORS DUE TO INVASION 
OF LIQUID 


Errors due to the invasion of the porous, permeable 
bulk samples by the liquid of measurement may be pre- 
vented or greatly reduced by using mercury, by apply- 
ing an impervious coating, or by soaking the bulk sam- 
ples in the liquid of measurement until bubbles cease is- 
suing from them. Errors are produced only by the inva- 
sion of the samples which occurs between movement 
when the samples are weighed in air and the moment 
the weight of liquid displaced by the sample in the 
pycnometer is determined. No error is produced by 
varying degrees of filling of the pore space of the sam- 
ples by the liquid of measurement. The excess liquid 
should be wiped from the samples immediately before 
the weight in air W,, is determined, and they should 
be placed in the pycnometers immediately. 


Original manuscript received in Society of Petroleum Engi 

gineers 

office on Noy. 2, 1956. Revised manuscript received June 17, 1957. 
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OPERATION OF NEW INSTRUMENT 


The new pycnometer is shown in Fig. 2. It consists 
of two glass parts which fit together at a ground glass 
joint. The spaces J and D are connected by fine glass 
tubes E, and the space J must be larger than the space 
D by at least the volume of the largest sample to be 
tested. The projections H afford a grip for twisting 
when the two parts tend to stick together. The position 
of the sample in mercury is shown by I, and in other 
liquids by M. 

F is a permanent mark on the glass, and G is a tem- 
porary marker. In order to determine the position at 
which G should be placed, invert the instrument so that 
A is at the bottom, and fill space D. Place the cub K 
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Grass Parts Wuicu Fir Toceruer At A GROUND 
Grass Join’. 


in the ground glass joint, invert to position shown in 
Fig. 2, and drain the liquid through O until the level 
of this liquid is at F. Close stopcock B, invert instru- 
ment, remove and replace cup K. Turn instrument to 
position shown in Fig. 2 and place marker G at posi- 
tion of liquid meniscus. G is a little below F because 
of small, unavoidable loss of liquid in removing and re- 
placing the cup. 

To make a volume measurement, drain the liquid 
through O until the meniscus is at F. Place the sample 
in the instrument, drain the displaced liquid through O 
into a container until the meniscus reaches-G, and de- 
termine the weight W., of the displaced liquid. The tem- 
perature is taken~by inserting a thermometer in the 
liquid in the cup between tests. The general methods of 
measurement are the same for bulk and grain volumes. 
Water should never be used in this instrument. 


OPERATION OF THE NUTTING PYCNOMETER 


Nutting’s pycnometer is shown in Fig. 1 (A and B). 
Lids C and D are of stainless steel and are for use with 
mercury only. In the tests on which the present paper 
was based, Nutting’s procedure was modified by using 
mercury with the special lid D, or by soaking the bulk 
samples in the liquid of measurement. The cup and lid 
B of Fig. 1 are glass, but lids C and D are stainless stee] 
and are for use with mercury only. It was found that it 
is necessary to have a hole in the lid to obtain accuracy 
_ with mercury. The top of the cup and base of the lids 
must be a plane surface, and when lid D is rotated or 
moved horizontally there must be no change in the level 
of the liquid in the hole. The knob D in Fig. 1 is for 
displacing the excess mercury from above the hole. 
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CALCULATIONS OF VOLUME 


In the following discussion all weights are in grams, 
all volumes are in cubic centimeters and all densities in 
grams per cubic centimeter. 

Let W, be the weight of the liquid of measurement 
displaced from the pycnometer by the sample, D, be the 
density of the liquid at the temperature of measure- 
ment, and V, the bulk volume of the sample, then 


W, 

Let W, be the weight of the sample in air, W, be the 
weight of the Nutting pycnometer containing only the 
liquid of measurement, and W, be the weight of the 
Nutting pycnometer containing the liquid of measure- 
ment and the sample, then W, + W, — W,= W.. 

When mercury is used as the liquid of measurement 
with the Nutting pycnometer, the mercury may be 
poured out and weighed. Let W, be the weight of the 
mercury filling the pycnometer when it contains nothing 
but mercury, and W, be the weight of mercury required 
to fill the pycnometer when it also contains the sam- 
ple, then W, — W, = W,,. 


ACCURACY AND ERRORS 


Tables 1 and 2 indicate the accuracy and errors of 
the bulk measurements made by the new pycnometer 
and the modified Nutting method. The “displacement 
bulk volumes” were measured by weighing impervious 
objects such as clear glass suspended in distilled water 
by an extremely fine wire. The errors in bulk volumes 
determined in this manner are so small compared to the 
measurements of bulk volume made by pycnometers 
that the displacement volumes may for practical pur- 
poses be considered true volumes. For example, a meas- 
urement of the density of a clear crystal of very pure 
calcite made by this method agreed with the published 
density to within 0.001 per cent. Since this measure- 
ment of density is based on the measurement of bulk 
volume, the errors made by the pycnometers are about 
100 times as large. 

When liquids other than mercury are used, the meas- 
urements of bulk volume made by both pycnometers 
agree with the displacement volumes to within about 0.1 
per cent, and the average volumes determined are not 
appreciably higher or lower than the displacement vol- 
umes. When mercury is used, the bulk volumes obtained 
are about 0.3 per cent higher than the displacement vol- 
umes in the case of the new instrument, and about 0.2 
per cent higher in the case of the Nutting pycnometer 
and lid D, in Fig. 1. These bulk volume measurements 
are too high because of air films and bubbles beneath 
the surface of the mercury. Once this bias has been de- 
termined, it may be corrected. Hence the probable error 
of determinations of bulk volume made with both pyc- 
nometers is about 0.1 to 0.2 per cent. 

It might be supposed that the accuracy of the new 
instrument could be determined by comparing the 
porosity determinations made by this instrument and by 
other methods. Only total porosity can be determined 
by the instruments shown in Figs. 1 and 2. These de- 
terminations involve sources of error which have noth- 
ing to do with the accuracy of the pycnometers them- 
selves. Among these sources of error may be mentioned 
the adsorption of moisture and gases, presence of air 
bubbles and films, and, when mercury is used, inva- 
sion of the pores by mercury. If porosity tests made 
with the new instrument differed from those made by 


TABLE 1—RESULTS OF 110 MEASUREMENTS OF BULK VOLUME 


A B Cc D E F G H J 
Average 
difference 
of each Difference 
Displ f determination of average 
cuslatieas Displacement from average, from dis- 
of volume Nature Liquid Number _ per cent placement 
sample was of Pycnom- used in of measure- (without regard vee 
Series cc : determined sample eter pycnometer ments to sign) per cen 
1 2.9222 Weighing Clear Nutting, Mercury 10 0.39 0.87 
suspended glass lid B 
in 
distilled 
water 
2 2.9222 do do Nutting, do 10 0.13 0.44 
lid C 
3 2.9222 do do Nutting, do 10 0.11 0.14 
lid D 
4 2.9222 do do Nutting, Distilled 10 0.092 —0.068 
lid B water 
5 2.9222 do do do Trimethy!- 10 0.050 0.15 
benzene 
6 2.1385 Weighing Shale do do 10 0.095 0.11 
suspended 
in trimethyl- 
benzene 
2.1361 do do do do 10 0.067 0.071 
S 2.1385 Weighing in do Nutting, Mercury 10 0.071 0.22 
trimethylI- lid D 
benzene in 
Nutting 
pycnometer 
9 9.8934 Weighing Clear Trimethyl- 10 0.12 0.0030 
suspended glass benzene 
in 
distilled 
water 
10 6.8083 de de Triethyl- 10 0.15 0.057 
benzene 
5.1786 do do Mercury 10 0.09 0.29 


TABLE 2—PROBABLE ERROR AND STANDARD DEVIATION OF 
SERIES 9 OF TABLE 1 


Pycnometer: New 

Liquid used: Trimethylbenzene 
Nature of sample: Clear glass 
Volume of sample: 9.89337 cc 


How displacement volume was determined: Weighing suspended in distilled 
water 


Number of volume determinations: 10 

Average difference of each determination from mean, without regard to 
sign: 0.12 per cent 

Variance or mean square error for each determination: 0.021 per cent 


Average difference of each determination (with regard to sign) fom dis- 
placement volume: 0.0030 per cent 


Standard deviation for each determination: 0.16 per cent 

Probable error for each determination: 0.098 per cent 

Standard deviation for series of 10 determinations: 0.047 per cent 
Probable error for series of 10 determinations: 0.031 per cent 


other methods, the tests would not indicate which was 
right, and even in case of agreement both methods 
might be subject to common errors. According to Wash- 
burn and Bunting,* the pressure needed to force 
d 
of mercury in centimeters and d is the diameter of the 
pores in centimeters. Hence mercury would enter pores 
0.1 mm in diameter under a head of 5 cm of mercury. 
Brankstone, et al,” state that because of this invasion of 
the pores determinations of bulk volume made with 
mercury tend to be too low. Since the determinations 
given in Table 1 are 0.2 to 0.3 too high, the errors due 
to mercury entering the pores must be larger than this. 


Lumps of clear glass and shale were used in the tests 
given in Tables 1 and 2 because if ordinary reservoir 
rocks had been used there would have been no way of 
eliminating errors due to the invasion of the pores by 
the mercury. 


mercury into pores is H = , when A is the head 


ADVANTAGES AND USES OF THE NEW 
PYCNOMETER 


The design of the new pycnometer reduces to negli- 
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gible size the error in reading the liquid meniscus. This 
is because the error in reading (expressed in volume) is 
proportional to the square of the diameter of the tube 
in which the meniscus occurs. These tubes can be made 
very fine, since it is only necessary to have them coarse 
enough for the liquid to run through them. Because the 
liquid of measurement displaced by the sample is drawn 
off and weighed, the new pycnometer may be especially 
adapted to measuring the volume of samples which dif- 
fer greatly in size. 

The modified Nutting method was chosen for com- 
parison with the new pycnometer because it appeared 
to be the most accurate and rapid of the competing 
methods. The two methods appear to be about equally 
accurate. Both the new instrument and the Nutting pyc- 
nometer with modified method may be used for measur- 
ing bulk and grain volumes for determinations of total 
porosity, for measurements of bulk volumes in measure- 
ments of effective porosity, and for volume determina- 
tions for measurements of density of various rocks and 
materials. 
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Relationships Between the Mud Resistivity, 


Mud Filtrate Resistivity, 


and the Mud Cake Resistivity of Oil Emulsion Mud Systems 


N 


The evaluation of certain reser- 
voir properties, such as porosity and 
fluid saturation, from electrical well 
surveys has been widely accepted in 
petroleum engineering. Various in- 
vestigators have established relation- 
ships between these properties and 
certain parameters which affect the 
tesponse of the electrical log. Among 
these are the resistivities of the mud, 
its filtrate, and its filter cake. In 
1949, Patnode’ established a rela- 
tionship between the resistivities of 
the mud and filtrate. The well log- 
ging service companies have con- 
tributed relationships for the mud- 
mud cake resistivities*®. These have 
been valuable since it was the prac- 
tice to measure only resistivity of 
mud at the well site. 

During the mid-1940’s the indus- 
try began drilling wells with oil- 
emulsion drilling fluids. These were 
conventional aqueous muds with a 
dispersed oil phase. Since 1950, oil- 
emulsion muds have been used on 
an increasing number of wells each 
year. However, the practice of meas- 
uring only the resistivity of the mud 
at the well site has continued, and 
the mud filtrate and mud cake re- 
sistivities have been determined by 
the above-mentioned relationships. 
Service companies are now equipped 
to measure all three resistivities at 
the well site. 

An investigation was conducted 
on the resistivities of oil-emulsion 
muds, mud filtrates, and mud cakes 
to determine if these values con- 
formed to the relationships for 
aqueous muds. 


TYPES OF MUDS 


Fifty-one oil-emulsion mud 


Original manuscript received in Society of 
Petroleum Engineers office on Jan. 10, 1957. 
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Samples were prepared in the labora- 
tory following a standard manual’ 
published by a leading mud com- 
pany. The diesel oil in the samples 
varied from 5 to 50 per cent, the 
majority of the samples being in the 
10 per cent region. The basic aqueous 
mud types which were converted to 
oil-emulsion muds were commercial 
clay and bentonite muds, low pH. 
and high pH, caustic-quebracho 
treated muds, and lime treated muds. 
The emulsions were stabilized by 
dispersed solids, lignins, lignosulfo- 
nates, sodium carboxymethyl cellu- 
lose, or sulfonated petrolatum. It is 


worthy of note that after a quiescent - 


period of two weeks at room tem- 
perature all samples, regardless of 
emulsifying agent, remained stable. 

The make-up water for the muds 
was from the laboratory tap. Resisti- 
vities were varied by the addition of 
table salt to the water. A range of 
mud resistivities from 0.44 to 3.9 
ohm-m was obtained in this way. 

Twenty-three field muds were 
tested. These covered the same range 
of mud types as did laboratory muds. 
Oil provinces of the Gulf Coast, 
South Texas, West Texas, Oklahoma, 
Montana, and Canada were repre- 
sented. 


MUD TEST PROCEDURE 


Each mud was tested for density, 
viscosity, pH, and filter loss by 
standard testing techniques. The re- 
sistivity measurements were obtained 
with a Schlumberger EMT meter. 
This meter required small volumes 
of sample, e.g., 2 mm. Filtrate was 
obtained from a Standard Baroid fil- 
ter press at the end of a 30-minute 
test. The filter cake from the same 
test was used for cake resistivity 
measurements. Mud, filtrate, and 
cake samples were heated to 100° F 
in a constant temperature water bath 
prior to measurement of resistivities. 
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RESULTS 


The relation between mud resis- 
tivity (R,) and mud filtrate resis- 
tivity (Rn;) is shown in Fig. 1. The 
solid line represents an average for 
the data. The equation of this line is 

Arbitrary limits, indicated by the 
dashed curves, have been set. The 
majority of the data falls within these 
limits, but some points do lie outside 
the limits. The approximate equation 


will give satisfactory results within 
these limits. 

The data on mud cake resistivity 
Rn». is shown in Fig. 2. The solid 
line is an average for the data. The 
equation for the line is 


The dashed lines are arbitrary lim- 
its on the data. Within these limits, 
Eq. 3 may be simplified to 


DISCUSSION 


The limiting curves in Figs. 1 and 
2 represent maximum deviations of 
+25 per cent. Thus the use of the 
average Curves can introduce consid- 
erable error. There is no substitute 
for accurate measurements of mud, 
mud cake, and mud filtrate resistivi- 
ties at the well site. The mud sam- 
ple tested should be representative of 
the mud opposite the formation be- 
ing logged. 

The average mud filtrate resistivity 
curve of Fig. 1 is reproduced in Fig. 
3 with two curves which have been 
published for clay-base aqueous 
muds”’. The latter curves were de- 
termined from average values of a 
large number of drilling fluids. The 
three curves have essentially the 
same slope and the differences be- 
tween them are from 7 to 22 per 
cent. Comparison is made only to 
illustrate the possibility of error 
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which may result from use of one 
type curve for the other type mud. 


The filtrates from the emulsion 
muds generally showed slightly in- 
creasing resistivities as the percentage 
of oil was increased. Two examples 
are illustrated in Fig. 4. This is due, 
perhaps, to the presence of oil drop- 
lets in the filtrate. The degree of 
emulsification, i.e., size of droplets, 
being largely a function of mixing 
technique, should affect this. In the 
investigation, all mixing was done 
by mechanical stirring, but this did 
not assure isotropic distribution. It 
is not assumed that this mixing simu- 
lates that which occurs in a mud 
system, although completely stable 
emulsions were examined in every 
instance. 


The average mud cake resistivity 
curve of Fig. 2 is replotted in Fig. 
5 with two curves for aqueous muds 
which have been published’. A mud 
cake resistivity for an oil-emulsion 
mud obtained from the aqueous 
muds curves would be in error by 
18 to 25 per cent for the high resis- 
tivity range (R,>1.5 Q-m) and by 
20 to 90 per cent in the low resis- 
tivity range (0.30-m<R,,<1.0Q-m). 
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Only in the middle resistivity ranges 
is no appreciable error introduced by 
using the curves interchangeably. 


This comparison is made only to 
emphasize the difference between two 
mud types. It is believed that the 
dispersed oil phase and the various 
emulsifying agents in the mud cakes 
of the oil-emulsion muds cause mud 
cake-mud resistivities relation to dif- 
fer from the relation for aqueous 
muds, 

The resistivity measurements were 
conducted at a single temperature, 
100° F; hence the application of 
these data to higher temperatures 
may incur greater variations than are 
shown to prevail at this temperature. 
Additional work seems justified to 
determine the effect of increased (or 
higher) temperatures. 


U.S 


The results of the investigation in- 
dicate that measurement of the re- 
sistivities of samples from the mud, 
mud cake, and mud filtrate should 
be made, whenever possible, for 
more exact evaluation of electrical 
logs regardless of the type of drill- 
ing fluid used during logging oper- 
ations. However, Eqs. 1 and 3 are 
represented as being useful when 
only one of the parameters is known. 
If an approximate result is permis- 
sible, Eqs. 2 and 4 can be used. At 
formation temperatures other than 
100° F, these equations may not be 
valid. It is concluded that the pres- 
ently available mud-mud filtrate re- 
sistivities relation and the mud-mud 
cake resistivities relation for aqueous, 
clay-base muds should not be used 
for the evaluation of electrical logs 
obtained in oil-emulsion muds. 
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ABSTRACT 


Forty oilfield brines have been examined so far by 
a polarographic technique new in petroleum engineer- 
ing called the “tensammetric method” by the team of 
biochemists who perfected its use in their field. Samples 
of brine were obtained from various oil fields in which 
the wells were known to be producing fluid from oil 
productive zones in well-known geologic formations. 
Most of the reservoirs from which the samples were 
obtained are believed to have an active water drive 
under the prevailing conditions of operation. The 40 
samples represent brines produced from 16 different 
formations of various geologic ages. 

Graphs have been prepared of the data obtained in 
the testing of each sample, and the distinctive wave-like 
curves so obtained are characterized by reproducible 
profiles, called “response curves.” Careful comparison 
of the response curves of salt water coming from differ- 
ent fields producing from the same geologic formation 
reveals that the curves are similar. The response curves 
of salt water coming from productive zones of different 
geologic formations are characteristically different. 

Preliminary work offers the further hope that re- 
sponse curves of an oilfield brine indigenous to a par- 
ticular oil-bearing formation and hence representative 
of a particular geologic environment, such as deposit- 
ional and all subsequent morphological conditions, may 
be of value in reservoir engineering in the interpretation 
of surface and interfacial phenomena. For example, 
the wettability of the rock matrix and more specifically, 
the classification of productive oil-bearing strata as 
hydrophyllic or hydrophobic may be determinable. 
However, many more brines must be examined and the 
resulting response curves analyzed in comparison to 
known causal’ phenomena before this objective is 
achieved. 


INTRODUCTION 


One of the perennial moot questions in the literature 
of petroleum engineering is whether the reservoir rock 
is oil- or water-wet. Possibly an answer to this question 
could come from a careful examination of. oilfield 
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brines. None of the conventional methods of examining 
brines (chemical analysis, PH and electrical conduc- 
tivity measurements, and the like) answer the question. 
Careful analysis of reservoir behavior observed in the 
exploitation of oil fields, particularly in the application 
of fluid injection, has been fruitful to the extent that 
a few reservoirs are believed to be properly classified. 
Physical chemistry suggests the behavior of reservoir 
brine and rock may be due to something in the brine 
in small amount. The ever increasing development and 
modification of theory in the general field of surface 
and interfacial chemistry has, and is, contributing to a 
better understanding of the problem, particularly as 
theory is verified by data. 


The work herein reported was begun in 1953 by 
Hough and Roebuck ** who employed a new form of 
alternating current polarography, i.e., tensammetry, 
developed by Breyer, et al’* and who studied eight 
oilfield brines in adapting tensammetry to petroleum 
engineering needs. 


THEORY AND DEFINITIONS 


Tensammetry is a new technique of inquiry into 
surface phenomena. Specifically, a weak alternating 
current voltage is superimposed upon the direct cur- 
rent voltage applied to a dropping mercury electrode in 
contact with an electrolyte containing a small amount 
of a surfactant. The resultant alternating current can 
be measured and provides the experimental data for 
this new area of research. 


Under the influence of the direct current voltage, 
polar molecules arrange themselves in a double layer 
at the electrode. This double layer may be compared 
to a variable condenser, the capacitance of which is a 
function of the imposed direct current voltage. The 
direct current voltage determines the degree of adsorp- 
tion of the surface active molecule on the electrode. 
Whenever the molecules are strongly adsorbed on the 
electrode, the capacitance of the double layer is low 
and the alternating current through the cell is low. 
Desorption occurs at some values of the direct current 
voltage, and at these voltages the Capacitance of the 
double layer is high, resulting in an increase in the 
alternating current through the cell. The direct current 
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voltage at which a maximum desorption (maximum 
alternating current) point occurs provides a “summit” 
on the wave-like response curves obtained when the 
experimental data are plotted. Although the profile of 
a given response curve is characteristic of the particular 
surfactant in the brine, the summit voltages and the 
heights of the summits are functions of both the tem- 
perature and the concentration of the particular sur- 
factant in the solution. A decrease in the concentration 
of the particular surfactant causes both the positive and 
negative summits to shift toward each other. An in- 
crease in the temperature of the solution can cause the 
same shift. 

Breyer and Hacobian found that if a supporting 
electrolyte contains more than one surfactant, only the 
response curve of the substance which is more strongly 
(and hence preferentially) adsorbed on the electrode 
is obtained. 


APPARATUS AND PROCEDURE 


The basic components of the apparatus are: a polaro- 
graphic cell assembly, a polarizing circuit, an amplifier, 
a vacuum-tube voltmeter and an oscilloscope. The cir- 
cuits for the amplifier and vacuum-tube voltmeter were 
essentially the same as those used by Breyer'.-A few 
changes in the circuits were found to be necessary. 

The brine sample is placed in an H-shaped cell. 
The capillary used as the dropping electrode is in- 
serted through the top of one upright of the cell and 
immersed 12 in. deep in the brine. The bar of the cell 
serves as the brine bridge to the second electrode 
which is a pool of mercury at the bottom of the other 
upright. Consequently a drop of mercury can fall with- 
out disturbing the surface of the second electrode 
which, of course, would change the capacitance of the 
system. 

Both the sources and the controls for the alternating 
current voltage and the direct current voltage are 
parts of the polarizing current. The 60-cycle alternating 
current voltage can be varied in steps of 1 my. The 
direct current voltage across the cell can be set, by 
means of a precision 10-turn helipot, with an accuracy 
of + 0.005 v, through a range of 3 v. A double-pole, 
double-throw switch permits reversal of the polarity 
of the dropping-mercury electrode. 

An oscilloscope is connected across the cell and is 
used to determine the wave form of the alternating 
current. Desorption of the surfactant from the electrode 
deforms the nearly sinusoidal wave of the input signal. 
This deformation of the wave form occurs as soon as 
desorption begins and is useful as a means of determin- 
ing the voltage range in which desorption occurs. 


With an alternating voltage of 1 my superimposed on 
the direct current voltage, a scanning run is made to 
determine the maximum alternating current through 
the cell. The gain of the amplifier is adjusted to give a 
full-scale reading of the microammeter of the vacuum- 
tube voltmeter at this maximum value of the alternating 
current. Keeping the gain of the amplifier constant and 
the strength of the alternating current voltage at 1 mv, 
a data run is made starting at a setting of + 2.000 v 
(positive potential on the dropping electrode). The 
direct current voltage is decreased by decrements of 
0.100 v until the changing wave form indicates that 
desorption has begun. The decrements are then de- 
creased to whatever value is needed to obtain the 
necessary data to permit accurate plotting of the 
response curve. The potential on the dropping electrode 
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is changed to negative and the voltage increased, using 
the same procedure as before, until a maximum of 
— 2.000 v is reached. Each data run lasts about one 
hour. Each alternating current reading is expressed 
as a percentage of the highest reading in plotting the 
response curve. A check run is made immediately fol- 
lowing the initial data run. 


RESULTS AND DATA 


Representative samples of the salt water produced 
with the oil from selected fields were obtained (Table 
1). These samples should be similar to the connate 
waters of the respective reservoirs. That the samples 
are representative is demonstrated by the tensammetric 
response curves of brine samples taken from the same 
field 18 months apart (Fig. 1). 


The 40 brines which have been studied represent a 
wide spectrum of chemical stability. Experimental data 
were obtained as quickly as possible after the initial 
exposure of the sample to air in the laboratory. A 
check run was made always. Chemical instability was 
revealed by erratic performance of the tensammeter, 
failure of the check run to duplicate the experimental 
data of the first run, and by change in the physical 
appearance of the brine. When a brine is chemically 
stable, the response curves of runs are reproducible. 


The brine produced from a given geologic formation 
should reflect geologic history and environment and 
should contain dissolved matter indicative of its marine 
origin, the rocks through which it has moved, the rock 
from which it has been produced, and of the com- 
position of the oil and gas with which it has been 
associated throughout geologic time. Recognizing that 
the depositional and subsequent morphological con- 
ditions were different for the reservoir rocks of each 
geologic formation, the logical assumption can be made 
that the environment in which the brine is found could 


TABLE 1—BRINE SAMPLES FROM SELECTED OIL FIELDS OF TEXAS 


Era Series Formation Field County 
Cenozoic Pliocene Goliad High Island Chambers 
Miocene Oakville Danbury Dome Brazoria 
Spindletop (96) Jefferson 
West Colombia Brazoria 
Oligocene Catahoula Taft San Patricio 
Anahuac Spindletop Jefferson 
Frio Anahuac Chambers 
Dickinson Galveston 
E. White Point San Patricio 
Hastings Brazoria 
Midway San Patricio 
Pierce Junction Harris 
Plymouth San Patricio 
Thompson's Ft. Bend 
Webster Harris 
West Ranch Jackson 
Vicksburg Pierce Junction Harris 
Eocene Yegua Conroe Montgomery 
Tomball Harris 
Mesozoic Gulf Woodbine East Texas Gregg, etc. 
Hawkins Wood 
Comanche Edwards Darst Creek Guadalupe 
Luling Caldwell 
Salt Flat Caldwell 
Paluxy Sulphur Bluff Hopkins 
Talco : Franklin 
Paleozoic Leonard San Andres Big Luke Reagan 
Goldsmith Ector 
Hendrick Winkler 
Means Andrews 
Yates Pecos 
Caddo Walsh Young 
Middle Penn- Canyon Kelly-Snyder Scurry 
sylvanian 
Upper 3rd Bradford Bradford State of 
Devonian Sand Penn. 
Ordovician Simpson Oklahoma City State of 
Oklahoma 
Canadian Ellenburger Big Lake Reagan 
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determine the surfactant which 1s most strongly ad- 
sorbed on the electrode of the tensammeter. The ten- 
sammetric response curves of the brine have been 
correlated with the geologic classification of the reser- 
voir rock (Figs. 2, 3, 4, and 5). Six Cenozoic [Goliad 
(Pliocene), Oakville (Miocene), Frio, Vicksburg, and 
Catahoula (all Oligocene) and Yegua (Eocene)] brines 
have dissimilar response curves (Fig. 2). Mesozoic 
brines [Woodbine (Gulf), Edwards (Comanche Series) 
and Paluxy (Comanche Series) ] yielded response curves 
which differ from the typical Cenozoic curves (Fig. 3). 

The response curve of the brine from the East Texas 
field (Lower Cretaceous) is similar to the response 
curve of brine from the Means field of the San An- 
dres formation (Permian). 

Comparison of the response curves of brines of 
different oil fields revealed that the response curves are 
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frequently characteristic of the geologic formation from 
which the brine was produced (Figs. 4 and 5). Brines 
from three fields (Danbury Dome, Spindletop, and 
West Colombia) produced from the Oakville forma- 
tion were all similar (Fig. 4). 

Four of the seven brines produced from the Frio 
formation, namely those from the Dickinson, East 
White Point, Midway, and Plymouth fields, have similar 
Tesponse curves. Three brines (Thompson, Pierce Junc- 
tion, and Anahuac) have response curves similar to 
each other but different from the first group. 

The response curves of the two brines (Conroe and 
Tomball) analyzed from the Yegua formation are 
similar. The response curves of the brines from Means 
and Big Lake both produced from the San Andres 
formation are similar (Fig. 4). 

The reservoir rocks of the Bradford Third sand of 
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the Bradford field of Pennsylvania, and of the Wilcox 
sand of Oklahoma City field of Oklahoma, are be- 
lieved to be oil-wet by several authorities on the basis 
of their production history. The response curves of 
these two brines are similar (Fig. 5). The response 
curve of the East Texas brine resembles markedly those 
of Bradford and Oklahoma City. According to Richard- 
son, Perkins, and Osoba’*, “Imbibition experiments 
indicated that both fresh and extracted East Texas 
cores imbibed water spontaneously, but the rate of 
imbibition of water was higher for samples after ex- 
traction than it was for fresh core material.” This 
statement suggests that the Woodbine sand of the 
East Texas field is at least partially oil-wet. Similar 
response curves have been found from other producing 
formations. The curves representing Big Lake (San 
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Andres) and Midway (Frio) resemble the other three 
curves despite the fact that each of the five has dis- 
tinctive characteristics. 

The response curve of the brine from the Hendrick 
field (San Andres Reef) is included in Fig. 5 for con- 
trast. Hendrick is considered by some to be hydro- 
phyllic in nature. 

Although all brines may contain surfactants, only 
a few of the oil fields are believed to be hydrophobic. 
Possibly only a small number of surfactants, or per- 
haps only a single family of surfactants, can cause the 
rock to become hydrophobic. 


CON 


1. The tensammetric response curves of oil fields 
frequently are characteristic of the geologic formation 
from which the brine was produced. 

2. The response curves of brines from seemingly oil- 
wet reservoirs are similar. 
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A Study of the Orifice Well Tester and Critical Flow Prover 


INTRODUCTION 


The proration of oil produced in 
the field frequently is based partially 
or entirely upon the gas-oil ratio of 
wells. The measurement of the gas- 
oil ratio is one of the more impor- 
tant field tests in regulatory and pro- 
ration work, and the test always 
should be conducted according to 
standardized methods and procedure. 

Obviously, the gas-oil ratio and 
the volume of gas produced by a 
well depend upon many factors but 
should be independent of the method 
of measurement and of the devices 
used to measure gas and oil. Conse- 
quently, the volume of gas accom- 
panying a barrel of oil produced by 
a well may be measured by any re- 
liable and accurate device or instru- 
ment. Frequently either a critical 
flow prover or an orifice well tester 
is used for this purpose, and for a 
particular well the same rate of flow 
of gas should be obtained regardless 
of whether a critical flow prover or 
an orifice well tester is employed in 
the test. 

In Texas, when using either in- 
strument, either Capacity Table 1 
or 5' is employed in making the 
necessary computations. If the tables 
are used, a discrepancy always is 
found whenever the two instruments 
are compared by extrapolation to the 
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same conditions of flow. Clearly, 


Tables 1 and 5 must be at fault in 
some respects. 

The orifice well tester and the Bu- 
reau of Mines type of critical flow 
prover are essentially the same in- 
strument; both devices utilize a 
square-edged orifice % in. in di- 
ameter as the primary element, and 
both freely discharge gas to the at- 
mosphere. 

Tables for the orifice well tester 
have been published in the ranges 
of 0 to 15 in. of water and 0 to 40 
in. of mercury (Hg) differential in 
pressure. Coefficients for the critical 
flow prover have been published for 
differentials in pressure greater than 
75 psia. An extrapolation of either 
differs from the other set of data as 
much as 18 per cent at some points. 
No immediately obvious reasons for 
the discrepancy was found, and data 
available from the literature were 
insufficient to effect reconciliation. 
Consequently, a series of experiments 
was performed to check the avail- 
able data and to determine discharge 
coefficients for the two devices in an 
overlapping range of differential pres- 
sure. 

The correlating equation used in 
preparation of tables such as Tables 
1 and 5° is the so-called hydraulic 
equation, 

The tables cover orifice sizes from 
¥g through 1% in. 

A second set of tables, for use 
with greater differentials in pressure, 
apply only to the %4, 1, and 1%-in. 
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orifice plates over a pressure range 
of 0 to 40 in. of Hg. The correlating 
equation used in preparation of the 
tables is ‘ 


iH(29.32 + 0. 


Each of these equations is valid only 
for the range to which it has been 
applied, and neither equation is valid 
for extrapolation. 


Theoretical equations for flow 
through an orifice are based upon 
assumptions of fractionless flow and 
an emergent jet the size of the 
orifice. A multiplier, C,, called the 
discharge coefficient, is inserted into 
the theoretical expression to compen- 
sate for both frictional losses and 
the contraction of the jet experienced 
in the plane of the orifice. Bucking- 
ham* shows that C, should vary with 
the ratio of upstream to downstream 
pressure for flow of a compressible 
fluid at any average linear velocity 
through the orifice less than the 
velocity of sound. Work published 
by the National Advisory Committee 
for Aeronautics‘ indicates that the 
variation continues into the so-called 
critical flow region until the vena 
contracta coincides with the plane 
of the orifice. The NACA work, 
however, does not indicate a level- 
ing off of the coefficient. The work 
of the Bureau of Mines’ for the criti- 
cal flow prover was based on differ- 
ential pressures greater than 75 psi 
and indicates that the discharge co- 
efficient, C,, is constant in this region 
at a value of about 0.86. 


On the basis of the work which has 
been cited, experiments were initiated to 
determine the discharge coefficients for 


TABLE 1 — CAPACITIES FOR 2 IN. ORIFICE WELL 
TESTER*; Mcf/DAY: PRESSURE BASE, 14.65 PSIA SP. 
GR. 0.60; BASE AND FLOWING TEMPERATURE, 60°F 


Orifice Size, Inches 
Water Va V2 1 1% 
1.0 3:41 6.08 13:9 25.6 44.0 
1.2 1.66 3.74 6.67 15.2 28.1 48:3. 
1.4 449 1.79 4.04 7.20 16.4 30.4 52.1 
1.8 509 2.03 4.58 8.16 18:6 34.4 59.1 
2.0 $536 -4:83 8.6). 19.6. 262.2 
Zee 562 2.25 5.07 9.03 20.6 38.1 65.3 
2.6 2.45, 92814 41042 70.9: 
3.0 658 2.63 5.92 10.6 24.1 44.5 76.3 
3.2 24.9 45.9 78.8 
3.4 2.80+.6.31 11).2 25.60 (47.45 
3.6 2.88 6-49.1)1-6 26.4 48.7 83.5 
4.0 759 3.04 6.84 12.2 27.8 51.4 88.0 
5.0 850 3.40 7.66 13.6 98.0 
5:5 .891 3.57 8.03 14.3 32.6 60.3 103.0 
6.0 34.1 62.9 108 
6.5 969 3.88 8.73 15.6 655) 
7.0 1.01 4.03 9.07 16.2 36.9 68.1 117 
8.0 1.08 0 39.4 72.7 124 
9.0 1.14 4.57 10.3 18.3 ALS: 
10.0 719.3 44.1 81.4 139 
We2Z 5:06: 11°45 46.3 85.5 146 
12. 1.32 48.4 89.2 152 
1.38 2251 50.4 93.0 159 
14, 1.43 V2.9 2229 52.3 96.5 165 
1.48 S93 1353." 23.8: 54.2 100.0 171 
16. 1.53 6.12 13.8 24.6 56.0 103.0 176 
1.58 6:32 14,2" 25:3 57.8: 107 182 
18. 1.62 6.50 14.6 26.1 59.4 110 187 
19. 1.67 6.69 15.1 26.8 
20. 1.71 6.86 15.4 27.5 62.7 116 197 
22. 1.80 7.20 16.2 28.9 65.9 121 206 
24. 1.88 7:63 17:0" 68.9 127 216 
30. 2.11 8.45 19.0 33.9 77.2 142 241 
2.19 8.74 19.7. 35.1 79:9 WAT 249 
34, 2.26 9.02 20.3 36.2 
36. PAs) 9.30 20.9 37.3 84.9 156 264 
38. 2.39 9.56 21.5 38.4 87.3 161 272 
40. 2.46 9.82 22.1 39.4 89.7 165 279 
42. 22.7" 40.4 92.0 169 286 
44, 94.3 173 293 
46. 2.64 10:6 (23.8) 96.4 177 299 
48. 2.70 10.8 24.3 43.4 98.7 181 306 
50. 2.76 11.0 24.8 44.2 101.0 185 312 
52); 2°62) 25.40, =189 318 
54. 25.9 74631 105" 192° 324 
58. 2298) “109. 336 
60. 27-4" 203)" (342 
66. 91258 28-8) (214.358 
74. 3-40) 13:6) 30:6, 54.5) 124.5 227.380 
76. S744, 1:05 230) (2385 
82. 109 240) 6400 
88. 3.73) 14.9 33,6 59:9 249 
92. 153 134.561 139 255: e425 
94. 3:87 15.5| 34.9 62.1 258 430 
96. 3.921 (62.8. 26h 434 
98. 3.96 15.9 35.7 63.5 144: 264— 439 
i00. 4.00 16.0 36.0 64.2 146 266 443 
in. ID: 


TABLE 2— CAPACITIES FOR 2 IN. ORIFICE WELL 
TESTER*; Mcf/DAY: PRESSURE BASE, 14.65 PSIA SP. 
GR. 0.60; BASE AND FLOWING TEMPERATURE, 60°F 


ieee Orifice Size, Inches 

Mercury Ye % 1 1% 
1.0 1.41 5.65 12.7 22.6 51.6 95.3 163.0 
1.1 2357.0 54.1 99.9 170 
6:19 13.9 24:8 56.6 104.0 178 
lize, 1.61 6.45 14.5 25.9 59.0 109 185 
1.4 6:69 15.1, 26.9. 61.2113 192 
15 1573 6.94 15.6 27:8 63.4. 117 199 
Uevd 1.85 7.40 16.7 29.7 67.6 125 212 
1.8 1.90 7.62 17.2 30.6 69.6 128 218 
2.0 8.04.» 18.1),-32.3 (73.5 135 230 
pays 2.11 8.46 19.0 33.9 77.3 142 241 
2.4 2.21 8.84 19.9 35.5 80.8 149 252 
2.6 2.30 9.21 20.7 37.0 84.2 155 262 
2.8 2.40 9.59 21.6 38.5 87.6 161 272 


the orifice well tester in those 
regions where data were 
missing and to check pub- 
lished data. 


EXPERIMENTAL 
EQUIPMENT 


The experimental setup 
used for the determination 
of discharge coefficients was 
a 2-in. orifice meter run with 
flange taps designed to AGA" 
specifications and a commer- 
cial orifice well tester dis- 
charging freely to the atmos- 
phere and located approxi- 
mately 20 pipe diameters 
downstream from the meter- 
ing orifice. A 2-in. air line 
supplied compressed air. Flow 
was controlled by a gate 
valve in the air line. Differ- 
ential in pressure was meas- 
ured with either mercury or 
water manometers as re- 
quired, and a Bourdon-type 
pressure gauge was used to 
check the upstream static 
pressure at the meter. Four 
different sets of orifice well 
tester plates were tested: brass 
plates ¥-in. thick, aluminum 
plates %-in. thick, brass 
plates 1/16-in. thick, and 
thin-edged stainless steel 
plates designed according to 
ASME-AGA specifications, 


EXPERIMENTAL 
PROCEDURE 


A meter plate of appropri- 
ate size was selected to main- 
tain differential in pressure 
across the metering orifice 
such that the flow through 
this orifice would be treated 
as that of an incompressible 
fluid. The orifice to be tested 
was installed in the tester and 
flow established. After equi- 
librium had been achieved 
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TABLE 2 (Continued) 


Pressure, 
Inches of Orifice Size, Inches 
Mercury Ye 1 1%, 
3.0) 2.48 9.93 22.4 39.8 90.7 167 282 
2:57 10:3) 93.3 172 291 
3.6 109" 24.6, 19978) 183 309 
3.8 21810 103:0 188 318 
4.0 2.89 11.6 26.0 46.3 105 193 326 
5.0 13.0) 5295352 217 365 
5.5 3,42. 13.7 254.9) 125 229 383 
6.0 3-59 14.3 131 239 400 
6.5 3327 250 417 
7.0 3.90 15.6) 6226) 142 260 433 
8.0 4°20: 11658 (37:83) 153 279 464 
9.0 4.48 17.9 40.4 71.9 163 298 493 
10.0 4.75 19.0 42.8 76.2 173 315 520 
Wie 5.02 20.1 45.2 80.4 183 332 547 
12. 5.27 Qi 47.4 84.5 192 348 573 
13: 2201 49.7 88.5 201 364 598 
14. 5.76 51.8 209 380 622 
13, 5.99 24.0 53.9 96.0 218 395 645 
16. 6.23 24.9 56.1 99.8 226 410 669 
Wee 6.44 25.8 58.0 103.0 234 424 690 
18. 6.67 26.7 60.1 107 242 438 713 
1. 6.89 27.6 62.0 110 250 452 735 
20. 7.10 28.4 64.0 114 258 466 756 
“65.8. 265 479 776 
22. 67.7 120. 272 492 797 
23% 7.71 30.8 69.4 124 280 505 816 
24. 7.91 31.6. 227287, 517 835 
25, 8.10-32.4 529 853 
26. 8-31 33.2, 74:8 133= 299 543 875 
27. 8.50 34.0 76.5 136 306 555 895 
28. 8.70 34.8 78.3 139 313 568 916 
29 8.90 35.6 80.1 142 320 580 937 
30. 9.10 36.4 81.9 146 328 594 958 
31. 9.29 37.2 83.6 149 334 606 978 
9249) 38:0" 85-4) 152) 619 999 
33. 9.70' 38.8 87.3'155 349 633 1020 
34, 9.89 39.6 89.0 158 356 646 1040 
35. 10.1 40.3 90.8 161 363 658 1060 
36. 10.3 41.1 92.5 164 370 671 1080 
10.5 168. °277 684 1110 
38. 42.7 96:0 171 384 696 1130 
39: ASS 391 709 1150 
40. 11.0 44.2 99.4 177 398 1160 
41. 11.2. 44.9 101.0 180 405 733 =1180 
42. 11.4 45.7 103 183 411 746 1200 
43. 11.6 46.5 105 186 418 758 1220 
44, 1X8. G47.2' 106 i189 e425 770 =1240 
45. 12.0 48.0 108 192 432 783 1260 
46. 12:2 48.7 110 “439 796 1280 
47. 12:4. 198 445 807 1310 
48. 1256 50.2 201s 820 1330 
49. 12.8) 832 1350 
50. 12.9 51-7, (116) 2207, 58465 844 1360 
13.1, °52.5" 240472 857 1380 
52. 13.3 53:2, 120. 213.7 A79 868 1400 
535 13:5; 53:9" 127 216 485 880 1420 
54. 123) 219% 492 893 1440 
55: 13.8 55.4 125 222 498 904 1450 
56. 14.0 56.1 126 224 505 916 1470 
57. (56.8 128) (227; 927 1500 
58. 14:4 576" 939° 1520 
60. 14.7 59:0 133 236° ~ 531 962 1550 
61. 14:9 59.75.134 239 537 9742) 
62. 15.1 60.4 136 242. 544 986 1590 
63. T5537 16122 AS82456 550 998 1610 
65. 15.6 62.6 141 250 563 1020 1640 
66. 15.8) “63-2 142 253. 569. 1030) "1660 
67. 16.0 64.0 144 256 576 1040 1680 
68. 16.2 64.6 145 258 582 1050 1710 
69. 16.3 65.4 147 261 588 1070 1720 
70. 16.5 66.0 149 264 594 1080 1740 
71. 16.7 66.7 150 267 600 1090 1760 
16:9. 67-4. 607. 1100 1780 
73. 153°. 2727-613 +790 
74, TS5 P2755) 6200 1120) F810 
75. 17.4 69.5 156 278 626 1130 . 1830 
76. 17.6 70.3 158 281 632 
rhigs 17.7 70.9 160 284 ~638 1150 1860 
78. 17.9 71.7 161 287 645 1170.— 1880 
79. 18.1 72.4 163 289 651 1180 =1910 
80. 18.3. 73.1 164 292 658 1190 1930 
81. 18.4 73.8 166 295 664 1200 1940 
82. 18.6 74.4 167 298 670 1210 1960 
83. 18.8 75.2 ~169 301 677 1220 1980 
84. 19:0 75:9" 171 303; =1230" 22000 
85. 19-1.-76.5 172: 306. 689). 1240.4 2010 
86. 19.3 77.2 174 309 695 1270 2030 
89. 19°8' 79.3 “317 1300) 
90. 20:0 (8020) 1/80) 1310) 
O25 20.4 81.4 183 326 733 1330 2150 
93. 20.5 82.1 185 328 739 1340 2160 
94. 20.7 82:9" “1186, 331 746 +1360) 2180 
Ob: 20.9 83.5 188 334 752 1370 2200 
96. 21.1 84.2 189 337 758 1380 2220 
97. 21.2 85.0 191 340: 765 1390 2230 
98. 21.4 85.6 193 343 771 1400 2250 
100. 21.8 87.1 196 348 784 1420 2300 
ins 
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TABLE 3—ATMOSPHERIC PRESSURE MULTIPLIERS 
Tester 
Pressure Atmospheric Pressure, Inches of Mercury 
In. of Water 28.5 27.7 26.9 26.0 


1.0 -9846 .9707 -9406 .9242 
2.0 .9708 .9568 9244 
3.0 -9847 ~—-.9.409 +9246 
4.0 -9847  .9710 .9570 -9248 
5.0 -9848 .9710 -9412 .9250 
6.0 -9848 -9572 94139252 
7.0 =.9712 9573. 3.9253 
8.0 9849 9574941 .9255 
9.0 9713, 95751941 
10.0 .9714 9419 -9259 
11.0 .9715 .9577. -9261 
12.0 -9850  .9715 .9578 -9263 
13.0 -9851 9716 .9579 
14.0 -9851 ‘9717 94259267 
15.0 -9851 -9426 
16.0 -9852  .9718 -9270 
17.0 9852 -9272 
18.0 9852 .9719 -9274 
20.0 9853 9721 -9587 9433 9277 
24.0 9855 9723 .9591 9439 9285 
28.0 9856 9726 .9594 9444 9291 
32.0 9857 9729 = .9598 9449 9298 
36.0 9859 9731 -9602 9455 9305 
40.0 9860 9734 .9606 9460 9312 
44.0 9861 9736  .9609 9465 9318 
48.0 9862 9738 .9613 9470 9324 
52.0 9864 9741 -9616 9475 9331 
56.0 9865 9743 .9620 9479 9337 
60.0 9866 9745 9623 9484 9343 
64.0 9867 9748 9626 9488 9348 
68.0 9868 9750 .9630 9493 9354 
72.0 9869 9752 .9633 9497 9360 
76.0 9870 9754 9636 9502 9365 
80.0 9872 9756 = .9639 9506 9371 
84.0 9873 9758 .9642 9510 9376 
88.0 9874 9760 =.9645 9514 9382 
92.0 9875 9762 9648 9518 9387 
96.0 9876 9764 .9651 9522 9392 
100.0 9877 9766 =.9654 9526 9397 


TABLE 4—ATMOSPHERIC PRESSURE MULTIPLIERS 


Tester 
Pressure Atmospheric Pressure, Inches of Mercury 


In. of Mercury 28.5 26.9 26.0 25.1 


1.0 -9851 -9716 .9580 .9424 .9266 
2.0 +9856 .9726 .9594 .9443 .9290 
3.0 -9860 .9734 .9606 .9461 -9313 
4.0 -9864 -9742 -9618 9477 .9334 
5.0 9868 9750 -9630 9493 -9354 
6.0 9872 9757 9508 .9373 
7.0 9876 9764 .9650 9522 -9391 
8.0 9879 9770 -9660 9535 -9408 
9.0 9882 9776 9547 
10.0 9885 9782 .9678 9559 .9439 
11.0 9888 9787 §=.9686 
12.0 9891 -9793  .9693 9581 -9466 
13.0 9893 .9797  .9701 9591 9479 
14.0 9896 .9802 .9708 9600 .9492 
15.0 9898 .9807 .9714 9609 .9503 
16.0 9900 .9811 -9721 9618 -9515 
17.0 9903 29815 39727 9627. -.9525 
18.0 9905 .9819 -9733 9635 .9536 
19.0 9907 .9823 -9738 9642 .9545 
20.0 9908 .9826 .9744 9650 9555 
21.0 9910 = .9830 9749 9657 9564 
22.0 9912 -9833 9754 9664 9573 
23.0 9914 .9836 9759 9670 9581 
24.0 9915 -9840 9763 9676 9589 
TABLE 5—DISCHARGE COEFFICIENTS FOR 
SHARP-EDGED ORIFICES* 
Tester Tester Tester 
Pressure Pressure Pressure 
In. of Water Ca In. of Water Cu In. of Water Ca 
0.0 0.604 11.0 0.610 54.0 0.631 
1.0 0.605 12.0 0.611 56.0 0.632 
0.605 13.0 58.0 0.633 
1.4 0.605 14.0 ~0.612 60.0 0.633 
1.6 0.605 15.0 0.612 62.0 0.634 
1.8 0.605 16.0 0.613 64.0 0.635 
2.0 0.605 17.0 0.613 66.0 0.636 
ALG 0.605 18.0 0.614 68.0 0.637 
2.4 0.605 19.0 0.614 70.0 0.638 
2.6 0.606 20.0 0.615 72.0 0.639 
2.8 0.606 22.0 0.616 74.0 0.639 
3.0 0.606 24.0 0.617 76.0 0.640 
3.2 0.606 26.0 0.618 78.0 0.641 
3.4 0.606 28.0 0.619 80.0 0.642 
3.6 0.606 30.0 0.620 82.0 0.643 
3.8 0.606 32.0 0.621 84.0 0.644 
4.0 0.606 34.0 0.622 86.0 0.645 
4.5 0.607 36.0 0.623 88.0 0.646 
5.0 0.607 38.0 0.624 90.0 0.647 
a5 0.607 40.0 0.625 92.0 0.648 
6.0 0.607 42.0 0.626 94.0 0.649 
6.5 0.608 44.0 0.626 96.0 0.650 
7.0 0.608 46.0 0.628 98.0 0.650 
8.0 0.608 48.0 0.628 100.0 0.651 
9.0 0.609 50.0 0.62 
10.0 0.610 52.0 0.630 
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the differential in pressure across 
the metering orifice, the upstream 
pressure on the orifice well tester, 
and the temperature of the flow 
stream were read and recorded. 
This procedure was repeated a 
number of times to determine the 
differential pressure-capacity curve 
for each orifice tested (Pige-1). 
Barometric pressure was recorded 
several times during each run. 


RESULTS 


The published tables for the 
orifice well tester’ for the range 
0 to 15 in. of water were checked 
within the limits of experimental 
error. The Bureau of Mines co- 
efficients’ for the critical flow 
prover were also found to be valid 
for the range above 75 in. of Hg 
for all sizes of orifices tested. The 
discharge coefficient for a square- 
edged orifice in free discharge was 
found to be a function of the ratio 
of downstream to upstream pre- 
sure within the range 1 to 75 in. 
of Hg with the ratio of orifice 
diameter to edge-thickness as the 
governing parameter. Above a dif- 
ferential of 75 in. of Hg when dis- 
charging air to atmosphere at 29.4 
in. of Hg, the discharge coefficient 
was constant for all ratios of diam- 
eter to thickness employed in this 
work. The point at which the dis- 
charge coefficient becomes a con- 
stant seems to be a function of the 
diameter to thickness ratio. 


A region of unstable flow was 
found for ratios of D to t of 2 and 
3, and reproducible results could 
not be obtained in these regions. 
The region of revetse curvature 


just prior to the linear portion of 
the curve obtained by plotting the 
tate of flow against pressure drop is 
a region of instability and is not 
reproducible. This instability is not 
observed for very thick or very 
thin-edged orifices. For the very 
thick orifices, the vena contracta 
lies between the upstream and 
downstream surfaces of the orifice. 
The emergent jet is attached to the 
downstream edge and flow remains 
stable. For the orifices of intermedi- 
ate thickness, the region of instabil- 
ity develops as the vena contracta 
moves downstream with increasing 
pressure drop, with the result that 
a slight change in flow rate will 
cause either attachment or detach- 
ment of the emergent jet. The vena 
contracta for the thin-edged plates 
is always beyond the downstream 
edge of the plate, and consequently 
flow is stable. 


The discharge coefficient varies 
with pressure drop, and a family 
of curves may be obtained for 
which the ratio of D to t is a para- 
meter (Fig. 2). As the pressure 
drop across the orifice is increased, 
the vena contracta expands, caus- 
ing an increase in the discharge 
coefficient. If fluid flow were fric- 
tionless, the value of the discharge 
coefficient would approach 1.0, but 
the frictional effects of real fluids 
limit the useful range of the co- 
efficient from 0.83 to 0.86 for 
sharp-edged orifices. 


Discharge coefficients were cal- 
culated from the ratio of actual 
flow rate predicted by theoretical 
equations for adiabatic flow.’ No 
discontinuity was found in the dis- 
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charge coefficients at the point of 
transition from subcritical to crit- 
ical flow conditions. The average 
discharge coefficient (for all orifices 
tested) in the critical flow region 
beyond a pressure drop of 75 in. 
of Hg was 0.84. The average for 
orifices with a D/t = 8.0 was 0.83, 
a difference of only 1.2 per cent. 
The average for the orifices for 
use with the Bureau of Mines' 2-in. 
critical flow prover was 0.86, a 
difference of 2.4 per cent. 

The capacity tables for the 2-in. 
orifice well tester at differentials in 
pressure less than 25 in. of Hg 
were calculated from the equation 


WAGER, 
Di (3) 


in which if P, and AP are in 
inches of Hg, K = 27.284, and if 


P, and A P are in inches of water, 
K = 2.0062. 
At differentials in pressure 
greater than 25 in. of Hg, 


in which for a gas with k = 1.3 and 
if P, is in inches of Hg, K* = 12.288. 


Tables 1 and 2 were calculated 
for free discharge to an atmospheric 
pressure of 29.4 in. of Hg. If the 
barometric pressure differs appreci- 
ably from 29.4 in. of Hg, the capac- 
ity of the tester must be corrected 
by multiplying the table value by 
the factor F. 


+ AP’ (>) 


Other corrections for pressures less 
than 25 in. of Hg (gas gravity, base 
or flowing temperature, pressure 
base, etc.) are standard corrections 
used in all orifice metering work.’ 
For pressures greater than 25 in. of 
Hg, correction factors standard for 
the critical flow prover’? should be 
used. 

A few runs in the range 0 to 15 in. 
of water differential in pressure 
checked published data for the orifice 
well tester for the same range within 
the limits of experimental error. The 
basic equation of flow for this region 
may be relied upon. 


CONG TONS 


1. Tables of the capacity of the 
conventional orifice well tester with 
conventional (thick) orifices for dif- 
ferentials in pressure ranging from 
0 to 15 in. of water and all ratios 
of D/t as published by the American 
Meter Co. and reproduced by others 
are valid. 

2. Coefficients developed by the 
Bureau of Mines for the conventional 
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TABLE 6—DISCHARGE COEFFICIENTS FOR 


SHARP-EDGED ORIFICES* 


Tester Tester 
Tester Pressure Pressure 
Pressure In of In of 
In. of Mercury Ca Mercury Ca Mercury Ca_ 
0.0 0.604 21.0 0.723 61.0 0.820 
0.612 22:0 728 62.0 0.821 
0.613 230" 63.0 0.822 
1.3 0.614 24.0 0.736 64.0 0.822 
1.4 0.614 25.0 0.740 65.0 0.823 
15: 0.615 26.0 0.745 66.0 0.823 
1.6 01616 927.0" 67.0 0.824 
1.7 0.616 28.0 0.753 68.0 0.824 
1.8 0.617 29.0 0.757 69.0 0.825 
1.9 0.618 30.0 0.761 70.0 0.825 
2.0 0.618 31.0 0.764 
7473 0.620 32.0 0.768 72.0 0.826 
2.4 0.621 0772 73.0 0.826 
2.6 0.622 34.0 0.775 74.0 0.827 
2.8 0:624. 35:0 0.773 75.0 0.827 
3.0 0.625 36.0 0.781 76.0 0.828 
a2 0.626 37.0 0.784 77.0 0.828 
3.4 0.628 38.0 0.786 78.0 0.829 
3.6 0.629 —39:0 0,789 79.0 0.829 
3.8 0.630 40.0 0.791 80.0 0.830 
4.0 0.631 41.0 0.793 81.0 0.830 
4.5 0.634 42.0 0.795 82.0 0.830 
5.0 0:637 43.0 (0.797 83.0 0.831 
S25 0.640 44.0 0.799 84.0 0.831 
6.0 0.643 45.0 0.801 85.0 0.831 
6.5 0.646 46.0 0.803 86.0 0.831 
7.0 0.649 47.0 0.804 87.0 0.832 
8.0 0.655 48.0 0.806 88.0 0.832 
9.0 0.661 49.0 0.808 89.0 0.832 
10.0 0.666 50.0. 0.809 90.0 0.832 
11.0 0:672 91.0 0.833 
12.0 52.0' 0.833 
13.0 0.683 53.0 0.813 93.0 0.833 
14.0 0.688 54.0 0.814 94.0 0.834 
15.0 0.693) 950 0.834 
16.0 0.699 56.0 0.816 96.0 0.834 
17.0 0.703" 20.817 97.0 0.835 
18.0 0.709 58.0 0.818 98.0 0.835 
19.0 0.714 0.8T9 99.0 0.835 
20.0 0.719 60.0 0.819 100.0 0.836 


*D/t > 8 


critical flow prover and the capaci- 
ties dependent on these coefficients 
are valid for upstream pressures 
greater than 40 psi and ail ratios 
LOLA) 


3. An unstable state of flow 
develops between differentials in 
pressure of 15 in. of water and 40 
psi for ratios of D to t between | 
and 4. Because of this condition of 
instability and variation in cofficients 
of discharge with ratios of upstream 
to downstream pressures, neither the 
tables usually supplied with the ori- 
fice well tester nor those applicable 
to the usual critical flow prover can 
be extrapolated for use in this inter- 
mediate region of differential in pres- 
sure. 


4. Orifice plates designed in ac- 
cordance with ASME-AGA* specifi- 
cations for sharp-edged orifices (made 
of stainless steel to resist corrosion, 
wear, and tear) and used in the 
orifice well tester are accurate, re- 
liable, and satisfactory at all rates 
of flow and differentials in pressure 
likely to be encountered in prac- 
tical gas-oil ratio work in the field. 
Only one set of tables and one in- 
strument, the orifice well tester, and 
one set of sharp-edged orifices are 
required. Obviously the new sharp- 
edged orifice plates can be used in 
the conventional orifice well tester. 
Tables 1 and 2 have been prepared 
for these orifices covering the range 
from 1 in. of water to 100 in. of Hg 


differential in pressure. Above 100 
in. of Hg, Eq. 4 can be used to cal- 
culate the capacity of orifice plates, 
and no discrepancies will be observed 
over the entire range of pressures. 


RECOMMENDATIONS 


ASME-AGA specifications should 
be used for the construction of 
orifice plates for the orifice well 
tester. These plates should be made 
of stainless steel or Mon>! metal. 
Official manuals of procedure 
should require the use of such 
plates and appropriate tables in all 
gas-oil ratio work. 
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DEFINITION OF SYMBOLS 


orifice diameter, inches 

= orifice thickness, inches 

differential pressure, inches of 

water 

= differential pressure, inches of 

Hg 

meter coefficient 

= dimensionless discharge co- 

efficient 

flow rate 

gas gravity (air = 1.0) 

= dimensional constant for sub- 
critical flow 

- dimensional constant for crit- 
ical flow 

= dimensionless expansion fac- 

tor, derived on the basis of 
frictionless adiabatic flow 
absolute upstream pressure 

differential pressure across the 
orifice; i. e., tester pressure 
ratio of orifice diameter to 
pipe diameter 

critical pressure ratio 

specific heat ratio 
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Potentiometric Analyzer Prediction of Pressure Distribution 
in a Gas-Condensate Reservoir 


INTRODUCTION 


Numerous articles have appeared 
in the literature citing the applica- 
tion of the potentiometric analyzer 
to cycling operations. Specific infor- 
mation obtainable by a potentiome- 
tric analysis, as noted. by various in- 


__vestigators, includes: 


1. Pattern sweep efficiency for 
various injection and production rate 
programs. 

2. Injected fluid breakthrough time 
at production wells. 

3. Optimum production and injec- 
tion rates. 

4. Prediction of injection and/or 
production well locations. 

5. History of advance of the in- 
jected-produced fluid interface. 

6. Ultimate life of the reservoir. 

7. Ultimate reservoir production. 

This note describes a procedure 
for predicting pressure distribution 
in a gas-condensate reservoir by using 
the potentiometric analyzer to ob- 
tain potential distribution data on an 
analog model of the reservoir and 
then applying Muskat’s' equations. 
The method relates the volumetric 
weighted average datum pressure to 
the mean potential in the model. 


PROCEDURE 


To predict the pressure distribu- 
tion (assuming steady-state cond- 
tions) in a gas-condensate reservoir 
by potentiometric analysis, it is 
necessary first to establish the poten- 
tial distribution in the potentiometric 
model of the reservoir. This can be 
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done by measuring the voltage dif- 
ference between a reference point 
(other than a production or injection 
well) and other points throughout 
the model for the particular injec- 
tion-production rate schedule of in- 
terest and plotting these readings 
preferably on an isopachous map of 
the reservoir. Points of equal poten- 
tial differences are then joined giving 


isopotential lines. To relate poten- 


tial in the model to field pressure 
requires several operations. 

1. Muskat* has shown that the 
potential distribution in a gas-con- 
densate reservoir corresponding to 


the voltage distribution in the poten- — 


tiometric model of a reservoir is not 
pressure distribution, but is made up 
of some function ®,, which is de- 
fined as 


®, = —dp > . (1) 


in which p, is the gas density and 
fg 18 the gas viscosity. Consequently, 
a plot relating ®, to p is required. 
From plots of 4, and p, vs p, values 
of 4, and p, are read at several pres- 
sures and a plot of p,/, vs p is con- 
structed. Graphical integration of 
this latter plot from zero pressure to 
the maximum reservoir pressure ex- 
pected results in the desired plot of 
®, VS p. 

2. Knowing the relation between 
®, and p, it is then necessary to es- 
tablish the relation between the po- 
tential in the model, ©, and the po- 
tential in the reservoir, ®,. The po- 
tential scaling factor, s,, can be de- 
fined as the ratio of the total voltage 
between two points in. the model to 


the corresponding difference in ®, in 
the reservoir, or 


Sp = (2) 
Eq. 2 can be written as 
— 
Sp 


where ®, is the mean &,and © is the 
mean ®. To solve Eq. 3, s, must be 
calculated from the fluid-travel-time 
equation presented by Muskat’ as 


Sppope( AL, )* (4) 
if permeability variations are neg- 
lected and if AL,, is sufficiently small 
and corresponds to the distance trav- 
eled by the fluid in time interval, Az, 
(determined volumetrically) and 
over the voltage increment A®. The 
porosity, ¢, the horizontal scaling 
AL, 
are all constants. The interstitial 
water saturation, S,,, and the residual 
hydrocarbon saturation, S,,,, are ex- 
pressed as fractions of the total 
pore volume; AL,, is the linear 
distance in the model and AL, is the 
corresponding distance in the reser- 
voir; k, is the effective permeability 
of the displaced gas phase and A®, 
is the incremental drop in ©, over 
the distance AL,. 

3. It is then possible to determine 
the pressure distribution in the res- 
ervoir, provided a specific reservoir 
pressure can be related to a ®, and 
thence to a ®. The volumetric weighted 
average datum pressure in the reser- 
voir can be calculated and from the 


plot of ©, vs p, the o, associated 


, and 


| 
| 


with this pressure can be determined. 
A more exact procedure is to use 
the ®, vs p plot to convert the ob- 
served static formation pressure at 
each well to a ®,; contour these ®, 
values giving an iso-&, map; and cal- 
culate a volume-weighted &,. The 


volume-weighted ®, can be computed 
by superimposing the iso-®, map on 
the isopachous map, planimetering 
each area enclosed by iso-®, and iso- 
pachous lines, multiplying these areas 
by the appropriate thickness and by 
®,, summing these quantities, and 
dividing by the reservoir volume. 

4. To relate ® to ®, it is necessary 


to establish the © in the model. This 
can be done by using the previously 
constructed map of isopachous and 
isopotential lines and determining a 


volume-weighted ® by planimetering 
each area enclosed by the isopachous 
and isopotential lines, multiplying 
these areas by the appropriate thick- 
ness and by ®, summing these quan- 
tities, and dividing by the reservoir 
volume. 

5. Having determined © and 
knowing &,, the pressure at any point 
in the field, X, can be found by 
reading the ® at X, substituting in 
Eq. 3, solving for ®, and then read- 
ing the pressure at X from the plot 
of ®, vs p. 
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LIMITATIONS 


Three facts concerning the pres- 
sure distribution results should be 
noted. 

1. The specific pressure value as 
calculated for an isobaric line is de- 
pendent largely upon the average 
reservoir pressure and to a lesser ex- 
tent on the physical properties of the 
produced fluid. 

2. The configuration of the iso- 
baric lines is dependent solely on 
the injection and production rates 
and the known geological and phys- 
ical properties of the reservoir. 

3. The diameter of the electrode 
representing the welibore in the 
model is large compared to the hori- 
zontal dimension used to scale the 
reservoir to the model; consequently, 
the pressure distribution in the im- 
mediate vicinity of the well, while 
producing, cannot be determined. 


SUMMARY 


This note extends the application 
of the potentiometric analyzer to the 
prediction of pressure distribution 
in gas-condensate reservoirs. The 
method involves determining the po- 
tential distribution in the potentio- 
metric model of the reservoir and re- 
lating the isopotential lines to lines 


of constant field pressure. This is 
done by establishing a relationship 
between the volumetric weighted av- 
erage datum pressure and the mean 
(volumetric weighted) potential in 
the model. 

For a specific injection-production 
rate program, knowledge of the pres- 
sure distribution is helpful in deter- 
mining whether conditions exist for 
retrograde condensation and in in- 
dicating if other programs would be 
better for balancing fluid withdraw- 
als and minimizing long-distance 
fluid migration. It may also give an 
indication of whether the postulated 
injection-production rates are prac- 
ticable. 
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An electrical model study has been made to estimate 
the effect of horizontal fractures in thick reservoirs on 
pattern conductivity. For the patterns studied, it is 
shown that fracturing all the wells in the pattern in- 
creases the conductivity considerably more than frac- 
turing only single wells. For certain conditions one 
large fracture is more effective in increasing conductivity 
than several fractures of half the radius. Particularly in 
thick reservoirs and with large fractures, the center of 
the pay is found to be more responsive than other 
locations. For the seven-spot pattern fracturing the 
center well is more effective in increasing pattern con- 


ductivity than fracturing all outer wells with fractures — 


of the same size. 


1O.N 


Although commercial fracturing has been used for 
some time’ very little quantitative information is known 
about the effects of fractures on reservoir behavior. 
The purpose of this work was to estimate the effect 
of horizontal fractures in thick reservoirs on the con- 
ductivity of various flooding and cycling patterns.” 
Circular fractures originating at the wellbore and 
extending symmetrically into the pay were considered. 


Electrical models were used in making this study. 
Horizontal fractures were simulated by copper sheets 
Shaped like the fractures and of a proportional size; 
the wellbore was simulated by a copper wire. A dilute 
salt solution served as-a conducting medium. A con- 
ductivity bridge was used to measure the conductivities 
of the various patterns studied. 


EFFECT OF HORIZONTAL FRACTURES 
ON CONDUCTIVITY 


Fig. 1 shows the effect on square and staggered linv- 
drive patterns of horizontal fractures located in the 
center of the pay. The model is shown schematically in 
the insert. The upper and lower groups of lines show 
the effect on conductivity when all wells are fractured, 
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and when only one well is fractured, respectively. In 
general, pattern conductivities are substantially improved 
by fracturing all wells. 


Fig. 2 shows the effect of multiple horizontal frac- 
tures on the conductivity of a line-drive pattern. At 
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the right edge of the graph are dashed lines showing 
the maximum increase in conductivity expected if the 
well were reamed to the size of the fracture. When one 
fracture is present, additional fractures may be expected 
to yield sizeable increases in pattern conductivity only 
for very large fractures. Particularly for large fractures, 
one large fracture is generally more effective in increas- 


ing conductivity than several fractures of half the 
radius. 
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the well itself in determining the conductivity as is indi- 
cated by the shape of the curves. 

Figs. 8, 9, and 10 show the effect of horizontal frac- 
tures on pattern conductivity of the five-spot pattern. 
Fracturing may result in an increase in pattern conduc- 
tivity by a factor of from 1 to 10 or more, depending 
on the thickness of the pay and the fracture size. 

Figs. 11, 12, 13, and 14 show the effect on the pat- 
tern conductivity of fracturing a seven-spot pattern. 
Fracturing the outer wells of a seven-spot pattern would 
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Figs. 3, 4, 5, 6, and 7 show the effect of fracture 

location and radius on the conductivity of line-drive 

and radial patterns. The center of the Pay is more 

responsive when both wells are fractured than when 

only one well is fractured. For thin pays, a fracture is 

almost as effective as if the well were as large as the 

fracture. Short fractures do not overcome the effect of 
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be only slightly effective in increasing conductivity, 
particularly in thick pays, while for thin pays even 
relatively short fractures, i.e., as low as 0.04 the well 
spacing, may double the conductivity. After one fracture 
is present, only in thick pays do additional fractures 
cause an appreciable increase in conductivity. 


DISCUSSION 


An electrical model study has been made to estimate 
the effects of pancake fractures on the conductivity of 
several well patterns. Fracturing single wells in any 
pattern is considerably less effective than fracturing all 
the wells of the pattern. Fractures are more effective 
in increasing pattern conductivity in thin pays than in 
thick ones, and one large fracture is usually more 
effective in increasing conductivity than two fractures 
of half the radius of the large one. For thick reservoirs 
and particularly for large fractures, the center of the 
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Fic. 14—Errecr or Muttiete Horizon- 
TAL FRACTURES OF PATTERN CONDUCTIVITY 
—Srven-Spot Patrern. 


pay is more responsive to fracturing than either the 
top or bottom. Fracturing the center well of a seven- 
spot pattern is more effective than fracturing all the 
other wells of the pattern. 
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The Interpretation of Capillary Pressure Data from 


ROD UC LEON 


The theory, measurement, and 
application of capillary forces in 
reservoir rock have been treated ex- 
tensively in the various petroleum 
publications.””’* These forces are of 
prime importance in oil production, 
and data on capillary properties are 
among the most important tools used 
in the study of reservoir mechanics. 


The principal application of meas- 
ured capillary pressure data by the 
production and reservoir engineer is 
in the determination of the initial 
distribution and mobility of fluids in 
the reservoir. The distribution refers 
to the magnitude of the oil and inter- 
stitial water saturations under capil- 
lary equilibrium conditions and _ to 
their variation throughout the reser- 
voir as a result of changes in rock 
properties and nearness to free water. 
The magnitude of the water (or oil) 
saturation, as well as the porosity, is 
required in volumetric calculations of 
oil in place. In low permeability 
reservoirs, where long transition 
zones are common, the magnitude of 
the oil content, even below the depth 
interval where commercial rates of 
flow of oil can be obtained, must be 
evaluated since this oil contains 
energy available to the production of 
the remainder of the reservoir. 

The mobility of the water phase is 
of particular importance in water- 
flood calculations since mobile water 
may condemn what would otherwise 
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be a successful water flood. In reser- 
voirs with predominantly small pores, 
high immobile water contents are 
possible. Conversely, reservoirs with 
predominantly large pores may con- 
tain mobile water even though the 
interstitial water contents are rela- 
tively low. 

This presentation reviews the dis- 
tribution and mobility of interstitial 
water contents as determined from 
capillary pressure data and shows 
typical data for various types of car- 
bonate reservoirs. A discussion of 
the variations found in different types 
of carbonate reservoirs is given. 


DISCUSSION 


INTERPRETATION OF 
LABORATORY DATA 


Fig. 1 is a typical laboratory capil- 
lary pressure curve where water 
saturation as per cent of pore space 
is plotted vs capillary pressure (psig) 
for an air-water system. This par- 
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CAPILLARY PRESSURE, PSIG (AIR-WATER) 


WATER SATURATION, % PORE SPACE 
Fic. 1—Capitiary Pressure Curve, San 
Anpres Dotomite (PERMEABILITY —10 MD, 
Porosiry—18.8 PER CENT), 


ticular curve was obtained by meas- 
urement on a sample of San Andres 
dolomite with intergranular-type 
porosity. The sample studied had a 
permeability of 10.0 md and a po- 
rosity of 18.8 per cent. The capillary 
pressure-saturation relationship illus- 
trated is an inherent property of the 
rock (a function of the size and dis- 
tribution of the pores) and repre- 
sents the ability of this water-wet 
rock to retain water against the pres- 
sure differential exerted by a non- 
wetting fluid (oil or gas) to remove 
it. In the laboratory a known pres- 
sure differential is exerted from a 
pressure source; in the reservoir the 
pressure differential is controlled by 
the density difference between the 
hydrocarbons and the water. 


The laboratory capillary pressure 
values may be converted into terms 
of equivalent height of water column 
using known values of reservoir oil 
and water density and measured or 
average values of interfacial tension 
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and contact angle. The curve on the 
left of Fig. 2 represents the San 
Andres curve of Fig. 1 after such a 
conversion has been made. The curve 
now represents the distribution of 
water above the bottom of the transi- 
tion zone. This reference point repre- 
sents the level at which 100 per cent 
water production is obtained. Assum- 
ing that an entire reservoir was com- 
posed of rock having properties 
identical to the sample tested, this 
curve would represent the distribu- 
tion of water in the reservoir as a 
whole. The water content 10 ft above 
the bottom of the transition zone 
would be 38 per cent; 20 ft—25 per 
cent; 40 ft—17 per cent; etc., until 
the so-called “irreducible minimum” 
value of 15 per cent would be 
reached at approximately 80 ft. 
Blanket application of the irreducible 
minimum value, as is often done 
when dealing with highly permeable 
sandstone reservoirs, to the determi- 
nation of the oil in place, would not 
take into account the higher water 
contents in the lower portion of the 
reservoir and would obviously result 
in an erroneously high reserve esti- 
mate. 

-in addition to the distribution of 
the water content, the mobility of 
the water in the transitional interval 
is an important factor both in select- 
ing proper production practices and 
in evaluation for waterflood possibili- 
ties. 

The plot of water-cut vs water 
saturation shown in Fig. 2 illustrates 
the variation in water mobility in a 
formation of this type. This plot was 
constructed using the water distribu- 
tion data and water-oil relative per- 
meability relationships. For this ex- 
ample, an oil-water viscosity ratio 
of one was assumed. 

Fig. 2 shows that in this formation 
a water saturation of 38 per cent (10 
ft up in the reservoir) would yield 
a water-cut of 6 per cent. Similarly, 
a saturation of 25 per cent (20 ft 
up) would yield a water-cut of about 
0.5 per cent, etc. At a point approxi- 
mately 35 ft upward, water-free oil 
production is indicated. The transi- 
tion zone in this horizon is, then, ap- 
proximately 35-ft thick. In this 35-ft 
interval, both oil and water produc- 
tion are anticipated. 

Commercially productive reser- 
voirs are not sufficiently homogeneous 
to allow one such water distribution 
and water-cut curve to define the 
reservoir performance as a whole. In 
Fig. 3, another set of curves, repre- 
senting the performance of a 0.1 md 
sample in the same reservoir, is 
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added to the data previously illus- 
trated in Fig. 2. Assuming, now, that 
the reservoir is composed of. alter- 
nating laminations of 10.0- and 
0.1-md formation, it is seen that at a 
point 50 ft up the water content in 
the more permeable formation is 15 
per cent and in the tighter formation 
77 per cent. The more highly per- 
meable formation, at this level, will 
produce water-free oil, while the 
tighter formation produces at 98 per 
cent water-cut. Since most of the 
production from this hypothetical 
2-ft section occurring approximately 
50 ft above the bottom of the transi- 
tion zone is from the 10.0-md forma- 


tion, the cumulative water-cut from_ 


the 2 ft would be only 1 per cent. 
The addition of the tighter forma- 
ton, in effect, extends the transition 
zone from approximately 35 ft to 
approximately 100 ft. The production 
of measurable amounts of water 
throughout the commercially oil-pro- 
ductive sections of the San Andres is 
a normal occurrence. Another illus- 
tration of the water-cut as a function 
of height in this productive San 
Andres interval is shown in Fig. 4. 
The upper and lower curves, repre- 
senting 0.1- and 10-md formations, 
respectively, are obtained from Fig. 
3. The remainder of the curves have 
been added to define the perform- 
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ance over the entire range of lith- 
ology, expressed in terms of varia- 
tions in matrix permeability. 


A complete suite of water distri- 
bution curves for the reservoir under 
discussion is shown in Fig. 5. The 
dashed line represents the approxi- 
mate lower limit of water-free oil 
production as obtained from the data 
of Fig. 4. In this illustration, as in 
the foregoing graphs, permeability is 
used as the correlating physical para- 
meter. The use, then, of conventional 
permeability information permits 
ready application to the calculation 
of reservoir interstitial water con- 
tents. 


FIELD APPLICATION OF DATA 


An illustrative example of the 
application of the data in Figs. 4 and 


- 5 is presented in Fig. 6. The air per- 


meability and porosity values are 
actual measured data on 50 ft of 
San Andres core. The interstitial 
water data were taken directly from 
Fig. 5 and the water-cut data from 
Fig. 4. For this example, the bottom 
of the transition zone reference level 
was taken as 3,080 ft. 


The wide variation in interstitial 
water contents with changing per- 
meability is apparent in the graphical 
presentation. Foot-to-foot variations 
of as much as 40 per cent of pore 
space are noted. The low water con- 
tents in the more permeable and por- 
Ous sections indicate that a large pro- 
portion of the storage capacity of this 
reservoir occurs in these zones. A 
general trend of increasing water 
contents with depth is noted over the 
entire interval even though the bot- 
tom of the section studied is 25 ft 
above the point of 100 per cent 
water production. 

The water-cut, as shown on the 
right side of Fig. 6, also increases 
with proximity to water. It is ob- 
served that the water-cut from the 
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more permeable formation is quite 
low, even in the lower part of the 
zone. Conversely, the tighter forma- 
tion produces at a high water-cut 
while still relatively far removed 
from the bottom of the transition 
zone. To better illustrate the water- 
cut from this transition interval, the 
cumulative water-cut over three zones 
of equal capacity have been calcu- 
lated. These data, also recorded in 
Fig. 6, show the top third of the 
reservoir producing at 1.4 per cent 
water-cut, the second third at 7.6 
per cent water-cut, and the lower 
third at 14.9 per cent water-cut. 
These relatively low cumulative 
water-cuts are attributable to the 
fact that the major capacity of the 
reservoir occurs in the few highly 
permeable sections which produce 
little or no water. Had this particular 
well been of more uniformly low 
permeability, even though still con- 
taining the same total capacity, the 
cumulative water-cut would have 
been considerably higher. 


To illustrate the variation in water 
contents and water production in 
carbonate reservoirs with different 
types of porosity development, data 
have been assembled on another dolo- 
mite reservoir, this one of Pennsyl- 
vanian age. This reservoir material 
contained pinpoint vugs but is of 
lower average porosity than the San 
Andres example. The water-cut 
curves and water distribution curves 
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are given in Figs. 7 and 8, respective- 
ly. In these illustrations, porosity 
rather than permeability has been 
used as the correlating parameter. 
Due to the larger average pore 
size, the connate water content is 
lower than that of the San Andres 
example. The maximum thickness of 
the transition zone is observed to be 
22 ft, as compared to 100 ft in the 
San Andres. The results shown in 
Figs. 7 and 8 have been applied to 
an actual well, and the resulting data 
are shown in Fig. 9. In this case of 
a narrow transition zone, the 50-ft 
interval shown extends down to the 
bottom of the transition zone. In 
contrast, the interval in the San 
Andres example was started 25 ft 
above the bottom of the transition 
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zone in order to include reasonable 
amounts of oil production. 

In the Pennsylvanian dolomite, it 
is observed that the water saturation 
remains relatively low until a point 
approximately 7 ft above the free 
water table is reached. At this point, 
the water saturation increases rapidly 
with additional depth. Similarly, only 
minor amounts of water production 
are noted until a depth of 5,442 ft 
is reached, and this occurs in the low 
porosity interval from 5,431 to 5,436 
ft. Below 5,442 ft high water-cuts 
occur even in the more porous for- 
mation. A water-free completion 
would be expected from the upper 
portion of this zone. 

Applications such as illustrated in 
Figs. 6 and 9 must be based upon a 
correlation of the laboratory capillary 
pressure results with some known 
physical parameter of the reservoir 
rock. In the San Andres case, the 
capillary pressure data were corre- 
lated with matrix permeability. Po- 
rosity was found to be a better corre- 
lating parameter in the Pennsyl- 
vanian study. Correlations of this 
type have been developed on 39 car- 
bonate reservoirs, and the results in- 
dicate that a reasonable statistical 
correlation is always possible. In for- 
mations where the porosity is rela- 
tively homogeneous, the correlation 
is normally better with permeability. 
The correlation of data from frac- 
tured and/or vuggy formations is 
normally better when porosity is 
used as the physical parameter. In 
very heterogeneous material, it may 
be necessary to use a combination of 
both the permeability and porosity. 
A combination sometimes used is 
the “J” function’ or some modifica- 
tion of the “J” function in which the 
square root of permeability over 
porosity is taken as the physical 
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For this presentation, correlation 
of interstitial water content as a func- 
tion of permeability and porosity 
was attempted over wide geographic 
areas and gross porosity types (inter- 
granular, reef, vuggy, oolitic, etc.). 
No such general correlation was pos- 
sible. This lack of correlation would 
be expected in view of the wide 
range in pore geometry encountered 
in carbonate reservoirs. The range in 
pore size is evident even between 
nearby reservoirs of the same geolo- 
gic age. Although a general correla- 
tion could not be obtained, typical 


results for four porosity types are 
shown in Fig. 10. The range in these 
curves for each type of porosity, 
however, is quite broad. In studying 
205 samples from 14 fields, where the 
porosity was due chiefly to vugs, 
good correlation was exhibited by 
each of the individual fields. How- 
ever, the range in interstitial water 
saturation varied widely from field 
to field. The water content varied 
from 20 to 80 per cent of pore space 
for a porosity of 4 per cent and 
varied from 4 to 21 per cent where 
the porosity was 20 per cent. These 
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variations are due to the differences 
in size and distribution of the pore 
spaces and show that capillary pres- 
sure data must be obtained on 
samples of each reservoir studied. 
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A Note on Transient Two-Phase Flow Calculations 


INTRODUCTION 


Since the appearance of the paper, 
“Solution of the Equations of Un- 
steady State Two-Phase Flow in Oil 
Reservoirs,” by W. J. West, W. W. 
Garvin, and J. W. Sheldon,’ a two- 
fold investigation of this subject has 
been carried out. One objective of 
the investigation has been to deter- 
mine the feasibility of solving such 
problems ‘on a medium-size com- 
puter such as the Datatron*, and 
the other objective has been to in- 
vestigate the application of such cal- 
culations to experimental and theo- 
retical petroleum reservoir research. 
In the first Datatron calculations, the 
fluid and rock properties published 
by West, et al, were used, together 
with the published equations describ- 
ing the system. Details of the formu- 
lation not given in the original paper 
are discussed in the Appendix to this 
note. Reference should be made to 
the subject paper for the complete 
equations and defintion of symbols. 

An unexpected result of this in- 
vestigation was the discovery that 
the linear solution published by West 
was in error. Thus, in addition to 
describing the Datatron solutions and 
to discussing certain numerical diffi- 
culties which will be encountered if 
one uses the published method of 
solution, the purpose of this note is 
to indicate the nature of this error. 


LINEAR FLOW 


Since the linear case requires a 
minimum amount of scaling, a fixed- 
decimal point Datatron program was 


Original manuscript received in Society of 
Petroleum Engineers office on Jan. 25, 1957. 
Revised manuscript received Aug. 29, 1957. 

"Reference given at end of paper. 

*The Datatron is a medium-speed, mag- 
netic drum memory computer manufactured 
» the ElectroData Division of the Burroughs 

orp. 
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written for the one-dimensional! flow 
problem and an attempt was made 
to duplicate the solution described 
by West. In the case described, fluid 
was produced at a constant rate, QO, 
until such time as well pressure 
reached 0.04. Production was then 
continued at constant pressure. From 
the constants and curves given by 
West it was determined that the ini- 
tial constant production rate could be 
approximated by Q = 0.007. An ini- 
tial dimensionless time step At = 
0.434 < 10° was used, and each suc- 
cessive time step was doubled until 
a value of A7v = 0.444 was reached. 
This constant interval was then used 
for the remainder of the solution. In 
subsequent solutions, several varia- 
tions in the time schedule were em- 
ployed, including smaller time steps 
and slower rates of increase in the 
time steps. In all cases, almost identi- 
cal results were obtained regardless 
of the time schedule employed. How- 
ever, as described below, it was noted 
that the time schedule had some in- 
fluence on the rate of convergence of 
the solutions. 

As a check on the accuracy of the 
solution, the cumulative production 
at each time step was calculated 
using the two methods described in 
the Appendix. Satisfactory agreement 
was observed with the differences in 
these two values of the order of two 
parts in 50,000. It should be noted 
that the mass balance check as de- 
scribed is of questionable value, par- 
ticularly with regard to the well pres- 
sure and saturation. This is especial- 
ly true in the radial solution where 
pressure and saturation values near 
the wellbore would make only a 
negligible contribution to the numer- 
ical integration. It is believed, how- 
ever, that such a comparison is of 


value in determining the over-all 
accuracy of a solution. 


In comparing the Datatron solu- 
tion with that published by West it 
was discovered that in the later 
stages of depletion, the pressures 
near the well declined more rapidly 
in our solution than in the West 
solution, and that the limiting well 
pressure of 0.04 was reached at an 
earlier time than that originally re- 
ported. It thus became evident that 
it would be impossible to duplicate 
the production schedule described 
by West and a constant rate of pro- 
duction was maintained until the 
well pressure was equal to 0.0. 


A representative comparison of 
the results published by West with 
those obtained in this investigation 
is shown in Fig. 1, which is a plot 
of GOR.as a function of cumulative 
recovery. These two curves should 
be in agreement until a cumulative 
recovery is reached which corre- 
sponds to a well pressure of 0.04 — 
for the Datatron solution, a recovery 
of approximately 5.6 per cent. 
Actually, a major disagreement is 
evident. Subsequent correspondence 
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with California Research Corp. con- 
cerning this disagreement revealed 
that an error had been made in the 
listing of the linear flow case of the 
original publication. When this er- 
Tor was corrected by them, good 
agreement was observed between the 
corrected results and the Datatron 
solution up to a cumulative recovery 
of approximately 4 per cent. During 
this time interval, constant rate con- 
ditions were imposed on both solu- 
tions. The more rapid well-pressure 
decline observed in the Datatron so- 
lution is still unexplained. One pos- 
sible source of the discrepancy may 
be that 24 space increments were 
used in the Datatron solution and 
only 12 increments in the West linear 
solution. 


A check on the validity of the 
Datatron solutions is shown in Fig. 
2. It was reasoned that as the pro- 
duction rate was decreased, the GOR 
curve obtained would approach the 
GOR curve predicted by a standard 
material balance calculation. Conse- 
quently, solutions were obtained for 
production rates equal to one-half 
and one-tenth of the previous rate 
and the resultant family of curves is 
shown in Fig. 2. It is seen that the 
three curves have the same general 
shape as the material balance curve, 
and that the hypothesis that the cal- 
culated curves should approach the 
material balance curve as a limit 
appears to be satisfied. 


RADIAL FLOW 


Because of the wider range of 
numbers involved in a radial solu- 
tion, it was decided to make use of 
floating-decimal arithmetic where 
necessary and the resultant program 
was a blend of fixed and floating- 
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point arithmetic. A production rate 
Q = 0.0007 was selected as approxi- 
mately equal to the rate used in the 
published paper. An initial time step 
At = 0.276 X 10° was used and the 
successive time steps were again 
doubled until a time + = 2.965 was 
reached. The time step was then 
held constant for the remainder of 
the solution. 


The results obtained are shown in 
Fig. 3. It is seen that there is satis- 
factory agreement between these re- 
sults and the published results of 
West. In the radial solution it was 
possible both to duplicate the pub- 
lished production schedule and to 
hold the well pressure equal to 0.1, 
once this well pressure had been 
reached. There is one difference in 
the GOR curves which may be sig- 
nificant. There is an apparent dis- 
continuity or break in the GOR 
curve at the point where the change 
is made from production at constant 
Tate to production at constant pres- 


sure. No such discontinuity appears — 


in the West publication. Since the 
equations used to calculate the GOR 
curve depend entirely upon condi- 
tions at the wellbore, it would be 
expected that the change in the 
mode of production should be re- 
flected in the curve. 


BOUNDARY CONDITIONS 


The correct boundary condition to 
be used at the outer radius of the cir- 
cular reservoir (or at the sealed end 
of the core in the linear case) is un- 
certain. Thus far, our investigation of 
this problem has been limited to a 
trial of two boundary conditions: 
(1) the boundary condition used by 
West, and (2) a boundary equation 
based on the assumption that the 
saturation gradient is zero at the 
outer boundary. The second condi- 
ion was approximated by a three- 
point backward difference approxi- 
mation, and solutions were obtained 
for both the radial and linear sys- 
tems. A comparison of the results 
obtained using these two conditions 
revealed only negligible differences. 
The only conclusion drawn at this 
time is that for the systems investi- 
gated it is immaterial which of these 
two boundary conditions is used. 


CONVERGENCE 


The Newton’s method of solution 
employed in this study depends upon 
the step-by-step reduction to zero 
at each time step of the quantities 
dp; and §p,, which are the differences 
in successive approximations to the 
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unknown p, and p;. In the Datatron 
solutions, it was not possible to re- 
duce these differences to less than 
1.0 x 10° even in the early time 
steps. This was probably due to 
round-off error in the matrix triangu- 
larization and in the back solution. 


More significant is the fact that 
as the solutions progressed it became 
necessary to relax the restrictions on 
the size of the Sp, and 8p, in order 
to continue the solution. This diffi- 
culty manifested itself in repeated 
iterations with the various 8’s oscil- 
lating above and below the originally 
established limit. 

This failure to converge was found 
to be related in a somewhat tenuous 
fashion to several factors, including 
the time schedule used and the initial 
approximations to the unknown p, 
and p;. In view of this fact, it was 
necessary to introduce into the pro- 
gram an automatic retrial and ac- 
curacy reduction scheme. If the solu- 
tion failed to converge after eight 
iterations, new approximations were 
introduced by the program and eight 
more iterations were tried. If, again, 
convergence did not obtain, this pro- 
cedure was repeated once more. 
Finally, if the solution still did not 
converge, the accuracy limit was re- 
laxed by a fixed amount, thus allow- 
ing the solution to progress without 
the constant attention of the operator. 
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APPENDIX 


MASS BALANCE CALCULATION 


A comparison was made between 
the cumulative production as calcu- 
lated from the production rate and 
as calculated from a mass balance. 
For the radial case, the cumulative 
production was defined as 

T 


Cumulative = 2 | Oar (he) 
(a) 

where Q = constant for a constant 
rate case, and where 
(P2 — Po) 

Q=B, (2) 

for production at constant pressure. 

The value obtained as above was 


compared with a value for cumula- 
tive production given by 
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Cumulative = 1 — 2 | (ondedu 
Uy 
(3) 
The agreement between these two 
values for cumulative production 


was used aS One measure of the ac- 
curacy of the solutions. 


GAS-OIL RATIO 


The dimensionless gas-oil ratio was 
defined as 


DGOR 4 (= ) 
Ys 


(4) 
and GOR = 
(p;) 
DGOR 
5.615 y’ B (ps) y(pi) 


AVERAGE RESERVOIR 
PRESSURE 


One possible definition for the av- 
erage reservoir pressure is to assume 
that at any instant of time the satura- 
tion remains undisturbed but that the 
pressure is everywhere equal. This 
assumption leads to the relation 


Wail = | (om du /| pe du 


(6) 
where p, is the average pressure. 
Given ys (p.), Pa can be determined. 
Pressure buildup calculations have 
demonstrated that the average pres- 
sure calculated using Eq. 6 agrees 
very well with the final equilibrium 
pressure observed. 
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OD UCT FON 


Capillary forces play a controlling role in water- 
drive displacement processes both in laboratory experi- 
ments and in actual reservoirs, but their quantitative im- 
portance may be quite different in the two cases. Be- 
cause of the importance of conducting laboratory ex- 
periments which are representative of field conditions, it 
is necessary to understand exactly the role of capillary 
forces in the displacement process. Though a number of 
experimental investigations related to this subject are 
contained in the literature, there appears to be a lack 
of information pertaining to unsteady-state experiments 
in water-wet media. This experimental study was con- 
ducted to obtain additional laboratory data to clarify 
further the role of capillary forces in both the macro- 
scopic and microscopic flow of oil and water in porous 
materials. 


THEORETICAL CONSIDERATIONS 


The capillary pressure is defined as the difference in 
pressure between a continuous oil phase and a continu- 
ous water phase in a porous material.’ The magnitude 
of this pressure difference depends on the interfacial 
curvature and the interfacial tension. The interfacial 
curvature is determined by the geometry of the pore 
spaces, the wettability of the rock surfaces, and the 
quantity of cach phase present. Capillary forces are 
involved in a water-drive displacement process in that 
they exert a controlling influence on the microscopic 
fluid distribution which in turn is reflected in the satura- 
tion or macroscopic flow behavior. 


Microscopic FLUID DISTRIBUTION 

Because of the microscopic nature of the displace- 
ment of oil by water, it is necessary to consider the 
flow and the fluid distribution in individual pores. On 
this microscopic scale the capillary forces, which act 
over a distance of one or two sand grain diameters, con- 
trol the distribution of oil and water under static 
equilibrium conditions. When an external force is ap- 
plied to the fluids, such as in a water-injection experi- 
ment, the applied forces tend to distort the oil-water 
interfaces. However, in most fine-grained, water-wet 
sands, the applied pressure difference across one or two 
grain diameters is usually several orders of magnitude 
less than the capillary pressure difference. These con- 
siderations lead to the theory” that even during flow the 
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capillary forces continue to control the microscopic dis- 
tribution of oil and water within the pores of a porous 
material for all practical reservoir and laboratory flow 
rates. This concept of capillary forces controlling the 
microscopic distribution of fluids has been substantially 
verified by other investigators’? who have found a 
lack of dependence of relative permeability and residual 
oil saturation on rate of fluid injection. 


Macroscopic DiIsTRIBUTION 


The microscopic influence of capillary forces cannot 
be observed easily and only the effect on the macro- 
scopic or average saturation can be detected. The satu- 
ration, of course, is really the point of interest. During 
a water flood, large differences in saturation at the 
flood front cause large capillary pressure gradients. This, 
in turn, causes water to advance ahead of the flood front 
thereby reducing the capillary pressure gradient in this 
region. The result is that in homogeneous porous media 
capillary pressure gradients tend to cause a diffuse dis- 
placement front. At low rates in laboratory columns, the 
front may extend over the entire column length. 

When the advancing water first reaches the outflow 
face of a core, the water, which is the wetting phase, 
cannot be produced because the pressure in the water 
just inside the core is lower than the pressure in the 
oil-filled space around the outflow face. This difference 
in pressure is equal to the capillary pressure for the 
water saturation existing at the outflow face. Water, 
therefore, accumulates at the outflow end of the core 
which causes a reduction in the capillary pressure. Be- 
cause the capillary pressure does not vanish except at 
the residual oil saturation,” water will not be produced 
until the residual oil saturation exists at the outflow 
face. This entire effect,” which is called the “boundary 
effect”, results in a region of relatively high water satu- 
ration near the outflow face. At low rates of injection in 
a short column, this region of high water saturation 
may extend over a considerable portion of the column. 

The influence of capillary forces on the macroscopic 
flow of oil and water have been described by Leverett.” 
For unidirectional, viscous flow in the absence of gravity 
segregation, the expression in dimensionless form for 
the fraction of water in the flowing stream, f,,. is 

po L 0X» 


= 


«Symbols may be found in “Letter Symbols for Petroleum Reser- 
voir Engineering and Electrical Logging,” Trans. AIME (1956) 207. 
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The second term in the numerator of Eq. 1 is essen- 
tially the ratio of capillary pressure to applied pres- 
sure. When this term is negligible, the flow is governed 
by the relative permeability and viscosity ratios. For 
a particular porous material and pair of saturating 
fluids, the equation indicates that the influence of capil- 
lary pressure gradients on the macroscopic flow be- 
havior increases as the product of the flow rate, u,, times 
the column length, L, decreases, other factors being 
constant.” 

At low rates of flow in short columns, the capillary 
pressure gradients may dominate the flooding behavior, 
whereas the lengths and flow rates in homogeneous res- 
ervoirs are usually such that the effect of capillary 
pressure gradients on the macroscopic flow is not im- 
portant in the over-all behavior.” 


EFFECT OF CAPILLARY FORCES ON 
SATURATION DISTRIBUTION DURING 
A WATER FLOOD 


One way of investigating the influence of capillary 
forces on the macroscopic fluid distribution during a 
water flood is to determine saturation profiles along the 
length of a column for different amounts of water in- 
jected. It is then possible to compare the saturation pro- 
files for equal amounts of water injected in experiments 
in which the ratio of capillary pressure gradient to ap- 
plied pressure gradient is varied. 


EXPERIMENTAL 

A column was designed to study the influence of 
capillary pressure gradients on the macroscopic fluid 
distribution by measuring saturation profiles at differ- 
ent rates of flow. For this purpose, a Lucite column, 
12 in. long and 114 in. inside diameter, was fitted with 
two current electrodes and 19 potential electrodes dis- 
posed along the axis of the column. 

The column was tightly packed with a fine-grain sand 
and then saturated with 0.1 n-sodium chloride solution. 
The water saturation was reduced to 12 per cent by 
flooding with ene pore volume of 150-cp oil. The vis- 
cous oil was displaced by flowing 10 pore volumes of 
kerosene. The first water flood was conducted by inject- 
ing 0.1 n-sodium chloride solution at a rate of 2.4 
ft/day. The rate of advance is the volumetric rate di- 
vided by cross-sectional area times porosity times the 
change in oil saturation. Periodic measurements were 
made of the oil produced, the water injected, and the 
resistivity between successive pairs of electrodes. Water 
saturations were calculated by utilization of Archie’s 
equation.” After completion of the first experiment, the 
column was reflooded to a 12 per cent water saturation 
in preparation of a water flood at 36 ft/day. 


RESULTS 


The water saturation profiles determined during the 
flood at 2.4 ft/day are shown in Fig. 1. Several profiles 
are shown which represent the saturation distribution 
of water and oil for various amounts of water injected. 


As can be seen in Fig. 1, 0.41 pore volume of oil 
had been recovered when the advancing water first 
reached the outflow face. The water saturation contin- 
ued to increase without water production until 0.60 
pore volume of water had been injected. At this time 
the oil saturation at the outflow face was approximately 
equal to the residual oil saturation, Water production 
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started, but a region of high water saturation extended 
over nearly half the column length. Oil production had 
practically ceased after injection of slightly over two 
pore volumes of water. The saturation profile at this 
time indicated that the oil saturation was uniform over 
the entire column length. These profiles illustrate how 
capillary pressure gradients may dominate the flooding 
behavior at low rates in short columns. 

The saturation profiles obtained during the water 
flood at 36 ft/day are shown in Fig. 2. As can be seen 
in Fig. 2, 0.6 pore volume of oil had been produced 
when the advancing water first reached the outflow 
face. By comparing this result with that obtained at 
the lower rate, 2.4 ft/day, it can be seen that the front 
was more diffuse at the lower rate. Furthermore, a 
comparison of the saturation profiles just prior to water 
breakthrough in Figs. 1 and 2 indicates that the boun- 
dary effect was significantly reduced at the higher rate. 


The results of these two experiments are in qualita- 
tive agreement with the information that was deduced 
from Eq. 1 or from consideration of capillary phe- 
nomena. Specifically, it was shown that the displace- 
ment front was more diffuse at the lower injection rate. 
Secondly, the saturation profiles clearly demonstrate the 
boundary effect” and show that its influence on the over- 
all production behavior was reduced at the higher in- 
jection rate. 


EFFECT OF CAPILLARY FORCES ON 
PRODUCTION HISTORY 


It is possible to observe the influence of capillary 
forces on the production history by conducting a num- 
ber of water floods in which the ratio of capillary pres- 
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sure gradient to applied pressure gradient is altered by 
changing the injection rate or the column length. In ad- 
dition to observing these effects, the production data ob- 
tained are useful in interpreting the influence of capil- 
lary forces on the microscopic distribution of oil and 
water during a water flood. 


EXPERIMENTAL 


To investigate the effect of column length and injec- 
tion rate on the production history during water floods, 
three Lucite columns, 114-in. in diameter and 9.8, 13.8, 
and 39.4 in. long, were packed with a fine-grain sand. 
The columns were saturated with distilled water, and 
then the water saturation was reduced to 11 per cent 
by the procedure previously described. Water floods 


were conducted at various rates of injection. 2 


Before conducting subsequent experiments on a par- 
ticular column, the water saturation was reduced to 
_11 per cent by flooding first with viscous oil and then 
with kerosene. 


RESULTS 


The results of 31 water floods are shown in Fig, 3. 
The uppermost curve is a plot of oil saturation at water 
breakthrough as a function of the product of column 
length, L, and injection rate, u,. The lower curve is a 
plot of residual oil saturation as a function of the 
product, Lu,. 

The oil saturation at water breakthrough decreased 
with increased Lu, until a critical value of Lu, was 
reached, above which the Saturation was independent 
of rate or column length. It can be concluded from 
thesédata that, for Lu,>2.0 cm — cm*/sec, the flow 
of oil and water was controlled by the relative per- 
meability and viscosity ratios and was not influenced by 
capillary pressure gradients. 

Because the oil saturation at water breakthrough cor- 
relates excellently with Lu, as predicted by theory,” it 
can be concluded that the changes in production his- 
tory observed at low values of the product, Lu,, were 
due to the increased importance of the capillary pres- 
sure term in Eq. 1. These data indicate that for a 100- 


md reservoir sand 1,000 ft long, capillary pressure gra- — 


dients would be negligibly small for all rates greater 
than 0.005 ft/day (see Table 1). 

Though the production history changes markedly with 
rate or column length for Lu,< 2, it can be concluded 
that the microscopic mechanism does not change, other- 
wise the correlation of oil saturation at water break- 
through with the product of rate times column length 
would not exist. Further evidence that the microscopic 
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TABLE 1—PROPERTIES OF MODEL AND -PROTOTYPE FIELD 


Property Symbol Model Field 
Wettability f (6) 1(water wet) 1 
Porosity @ 0.34 0.34 
Interfacial Tension 0 36 dyne/cm 15 dyne/cm 
Oil Viscosity Ho 1.8 ep 1.8 cp 
Water Viscosity 0.9 cp 0.9 cp 
Permeability k 3,000 md 100 md 
Length L 3.29 ft 1,000 ft 
Ratio of Viscous to 

QHol 
Capill 
apillary Forces R 15) Rmodel Rmodel 
Volumetric Rate q Gmodel 2.5 (10-4) Qmodel 
Note: 1. Effect of gravity was considered as negligible. 


ror krw, and J(S) are same function of S in model and field. 


mechanism is controlled by the capillary forces and ‘is 
not influenced by rate can be seen from the indepen- 
dence of the residual oil saturation on the product Lu,, 
as shown in Fig. 3. 


CONCLUSIONS 


As a result of these laboratory waterflood experiments 
on columns packed with water-wet unconsolidated sand, 
it can be concluded that: 

1. At low injection rates, the increase in oil satura- 
tion at water breakthrough with a decrease of injection 
rate is a result of the influence of capillary pressure 
gradients on the macroscopic flow of oil and water. 


2. The influence of capillary pressure gradients on 
the macroscopie-flow of oil and water is minimized by 
using longer columns and/or higher injection rates. 


3. The residual oil saturation is independent of rate 
or column length. It can be inferred from this fact that 
the microscopic fluid distribution is controlled by capil- 
lary forces and is not rate sensitive. 
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An Improved Blotter Model for Analog Studies 


An improved blotter model is 
described which makes use of a 
plastic sheet as base for the blotter 
field and pins to represent the input 
wells. The model is simple to con- 
struct and adapt .and is particularly 
useful for demonstration purposes. 
Operational details are given. 


INTRODUCTION 


The blotter model was first applied 
to the investigation of oilfield prob- 
lems by Wyckoff, Botset and Mus- 
kat,’ primarily in order to demon- 
strate the flood patterns which could 
be expected from various arrange- 
ments of input and output wells in 
waterflooding projects. In recent 
years the model has been largely 
superseded for analog studies by the 
potentiometric and electric analog 
models which are more refined and 
versatile, since they can simulate the 
form, and, in certain cases, permea- 
bility variations which it is not pos- 
sible to do with the blotter model. 
However, the latter is still used for 
analog studies where the reservoir 
can be represented as being uniform 
in thickness and permeability, and 
where a visual record of the flood ad- 
vance is required. Ramey and Nabor,” 
for example, have applied the model 
to the investigation of areal sweeps 
in oil recovery by in-situ combustion. 

Because of its limitations, the blot- 
ter model can be used in general for 
only very simple arrangements of in- 
put and output wells, but within 
these limitations it has a definite ad- 
vantage over all other types, in that 
it provides a picture of the advancing 
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flood using the simplest and most 
easily constructed apparatus, by con- 
trast with the gelatin model, for 
example, which requires more elab- 
orate equipment. Moreover, the ex- 
periments can be quickly repeated 
and modified if necessary, whereas 
considerable time is required to pre- 
pare a gel field, compared with that 
required for the preparation of sheets 
of conducting blotting paper. 

For these reasons the blotter model 
can be very useful for demonstration 
and teaching purposes, enabling the 
student to experiment for himself 
with different arrangements of input 
and output wells. 

A model has been constructed for 
this purpose which is simple to op- 
erate and adapt. The model (Fig. 1) 
consists of a base platform or box, 
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approximately 12-in. square, on top 
of which are screwed three lathes of 
¥2-in. square section to form three 
sides of a square 6 in. in length. This 
forms the support for a sheet of 
Cobex, transparent plastic, thickness 
.003 in., on which is carried the 
blotting paper representing the field. 
The plastic is flexible and relatively 
soft, and can be attached to the sup- 
port by cellulose tape so that it can 
be easily removed when required. 
The input wells are represented by 
brass drawing pins pressed through 
the plastic sheet from the underside 
until the points are just projecting 
through the top; these are connected 
in the circuit as shown in Fig. 2. 
The sheet of blotting paper of re- 
quired shape and size is saturated 
with a solution of 0.2 n-potassium 
sulfate to which has been added a 
saturated alcohol solution of phenol- 
phthalein at a strength of 10 cc/liter 
of stock solution. The surplus water 
is removed and the blotting paper 
placed in position on the plastic sheet 
making contact with the drawing 
pins and the sheet (which is an in- 
sulator). The anode consists of a 
second sheet of blotting paper cut as 
shown and saturated with the same 
solution. This is suspended from a 
laboratory stand, being connected to 
the conducting wire by means of a 
crocodile clip and making contact 
with the horizontal blotting paper at 
the projecting point. This is the meth- 
od used by Ramey and Nabor and 
which permits the hydroxyl ions or 
colored front to reach the anode. 
As shown in Fig. 2, the electrical 
voltage used is 220-v DC and a 
shunt is placed across the terminals to 
step down the voltage as required. 
Further adjustment can be made as 
necessary using a lamp board in 
series with the shunt to obtain the 
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appropriate voltage across the model. 

The most satisfactory spacing, 
found by trial and error, for a basic 
two-electrode arrangement was 4 cm 
between the drawing pin and the 
projecting point. Using a voltage 
across the system of 135 v a com- 
plete advance of the colored front 
was obtained in about 10 minutes. 
With large spacings a higher voltage 
will be necessary to give a complete 
advance over the same time interval, 
but the 4-cm spacing has proved the 
most satisfactory maximum spacing 
for a two-electrode arrangement for 
all standard flood patterns. Up to 
six cathodes have been used to repre- 
sent various patterns, including the 
five-spot pattern. 
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One of the inherent difficulties in 
the blotter model is the fact that if cur- 
rent is passed through blotting paper 
saturated with a conducting solution, 
the hydrogen and hydroxyl ions moy- 
ing in opposite directions, the hy- 
droxyl ions (colored by an indicator 
Showing the advance of the flood) 
will meet the hydrogen ions and be- 
come neutralized, so stopping the 
flood advance; unless steps are taken 
to neutralize the hydrogen ions at 
source, as was done by Wyckoff and 
Botset’, or unless the anode is adapted 
so that the hydroxyl ions reach the 
point representing the output well be- 
fore the hydrogen ions, as in Ramey 
and Nabor’s apparatus. The neutral- 
izing method has not proved suitable 
where more than one output well has 
been represented in the model, but 
the use of blotting paper for the 
anodes has proved very satisfactory. 

One aim in the development of 
the model was to limit the number of 
electrodes and connecting wires pro- 
jecting above the sheet, which tends 
to obscure the view of the flood pat- 
tern; this was realized by using draw- 
ing pins as shown. The pins can be 
simply pressed through the plastic 
sheet and it is an easy matter to 


modify their spacing and arrange-_ 


ment as required, or replace the 
sheet with another. This obviates the 
need for cathodes suspended ver- 
tically from above, as has been the 
arrangement in other blotter models, 


and the view of the pattern is limited 
only by the suspended anode(s). 


For most experiments in which 
standard spacings are used, such as 
the five-spot pattern, only one anode 
need be used, but it is possible to 
Suspend additional electrodes from 
above as required. 


It is important in operating the 
model that the points of contact be- 
tween the electrodes and the blotting 
Paper do not dry out due to the heat 
generated by the current, and this 
will occur more rapidly the higher 
the voltage used, other conditions be- 
ing equal. The recommended voltage 
and spacing given above permit the 
complete flood pattern to be de- 
veloped, without drying out, over the 
approximate time specified under 
normal laboratory conditions with a 
room temperature of about 20°C. 
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Clay Content and Capillary Behavior of 
Wyoming Reservoir Sands 


T 


Samples of four reservoir sands 
having different degrees of water 
sensitivity were subjected to several 
laboratory tests to determine differ- 
ences in capillary behavior attrib- 
utable to clay-mineral effects. The 
degree of water sensitivity was esti- 
mated by the difference between gas 
and water permeability. Unsaturated 
pore volumes determined with mer- 
cury injection were comparable to 
irreducible water saturations deter- 
mined with the semipermeable bar- 
rier method only for the non-sensitive 
sands that contained small amounts 
of non-swelling clay minerals. Irre- 
ducible saturations were independent 
of salinity of the water, which sug- 
gests that most residual water is 
adsorbed as a film over solid surfaces 
and that internal retention by clay 
minerals is relatively insignificant. 
The water-sensitive sands imbibed 
water to higher saturations than did 
non-sensitive sands, and this result is 
believed to be a combination of the 
effects of clay minerals and preferen- 
tial wettability; however, the relative 
importance of each of these effects is 
not determinable. Thus it is concluded 
that the semipermeable barrier meth- 
od is the best of the laboratory 
methods used for estimating forma- 
tion water saturations in the sands 
studied. 


INTRODUCTION 


This investigation is a continua- 
tion of studies of the role of clay 
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minerals in petroleum production in 
the Rocky Mountain area. Previous 
work has shown large differences in 
gas and water permeability in numer- 
ous reservoir sands; these water-sen- 
sitivity effects observed in the labora- 
tory have been correlated with well 
behavior in the field, and the degree 
of water sensitivity imparted to reser- 
voirs by the various clay minerals 
has been determined.”” 


The effect of interstitial clay min- 
erals on formation water’ saturations 
is not so well known. It has been 
reported that formation water satura- 
tions probably are higher in clayey 
than clean sands,* but this effect has 
not been evaluated in the laboratory, 
and the relative effect of the various 
types of clay minerals on formation 
water saturation has not been de- 
termined. 


The clay-mineral groups of most 
importance to this study and to 
petroleum production in general are 
kaolinite, illite, and montmorillonite. 
The minute layers of montmorillonite 
are loosely bound to one another so 
that water enters between them, caus- 
ing great expansion of the particles. 
Kaolinite and illite do not exhibit 
interlayer hydration, but they do im- 
mobilize considerable amounts of 
water owing to their large surface 
areas, which are of the order of 15 
to 97 m’*/gm of clay.’ 

The four Wyoming sands used in 
this study were selected to represent 
a wide range of water sensitivities. 
These sands, with the number of 
wells and fields from which the 
samples were obtained, are: Second 
Frontier, five wells in two fields; 
Newcastle, six wells in one field: 


‘References given at end of paper. 


Tensleep, two wells in two fields; and 
Lower Muddy, five wells in one field. 


EXPERIMENTAL METHODS 
AND PROCEDURES 


Water-displacement data were ob- 
tained by the semipermeable barrier 
method," using both fresh water and 
brines having either 16,500 ppm 
sodium chloride or calcium chloride. 
A displacement pressure of 35 psi 
was found to be sufficient to obtain 
the practical irreducible water or 
brine saturation (IWS, IBS) in most 
samples. 

Mercury-injection data were ob- 
tained with equipment and pro- 
cedures similar to those described by 
Purcell." Exceedingly high pressures 
are required to attain complete mer- 
cury saturation by this method; how- 
ever, since saturations in most 
samples change very little with large 
pressure increases above 1,000 psia, 
the maximum pressure used was 
1,400 psia. To facilitate comparison 
of mercury-injection and water-dis- 
placement results, it is convenient to 
express mercury-injection data in 
terms of unsaturated pore volume. 
The abbreviation, (100 — Suz) min, is 
used to denote the pore volume un- 
saturated by mercury at 1,400 psia 
injection pressure. 

Gas permeabilities, k,, were deter- 
mined by the method proposed by 
Klinkenberg.* Methods of determin- 
ing types and amounts of clay min- 
erals by X-ray diffraction analyses, as 
well as methods of determining water 
permeability, have been described 
previously.’ 


The imbibition characteristics of 
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the sands were tested by placing the 
dry plug samples upright in a dish 
containing ¥% in. of water. The sam- 
ples were removed and weighed at 
timed intervals and the saturations 
calculated until the maximum satura- 
tion had been reached. The samples 
were then dried and the experiment 
repeated, using kerosene as the satu- 
rant. 


EXPERIMENTAL RESULTS AND 
CORRELATIONS 


The relative amounts of clay min- 
erals in the four sands, as estimated 
by X-ray diffraction analyses, are 
given in Table 1. 

The average difference between 
gas and water permeability is illus- 
trated in Fig. 1. The data points were 
scattered on the individual plots used 
to make the smoothed curves; how- 
ever, enough data were available for 
these curves, as well as for those 
shown on subsequent figures, so that 
the general correlations were clearly 
defined. 

Typical curves of water displace- 
ment and mercury injection are given 
in Fig. 2. The scale of the pressure 
ordinate for mercury injection has 
been reduced by a factor to correct 
for the differences in surface ten- 
sions of the two liquids. 

Values of (100 — Su,) ini, were 
plotted against the corresponding k;, 
for all samples from the same forma- 
tion, and average lines were fitted to 
these plots by the method of least 
squares. The resulting curves for the 
four sands are given in Fig. 3. Simi- 
lar plots were made to show the re- 
lation of k; to IWS, and the average 
results are given in Fig. 4. 

The arithmetical averages of IWS 
and IBS (16,500 ppm NaCl) for 
samples that were tested with both 
brine and water are given in Table 2. 
The average gas permeability of the 
samples from each sand is also given, 
because irreducible saturations vary 
with permeability, as illustrated in 
Fig. 4. Sixteen samples of Frontier 
were also tested with a brine contain- 
ing 16,500 ppm calcium chloride. 
The values of IBS from these tests 
did not differ significantly from those 
in Table 2 for the same samples. 

A summary of the average results 


TABLE I—AVERAGE AMOUNTS OF CLAY 
MINERALS IN THE SANDS 


Montmorillo- 


Sand Kaolinite Ilite nite* 
Frontier Small Small Moderate to 
abundant 


Newcastle Moderate to Small to Not detected 


abundant moderate 
Tensleep Trace Small Not detected 
Muddy Moderate Small Not detected 


*Includes mixed-layered montmorillonite-illite, 
which exhibited swelling characteristics similar to 
montmorillonite. 
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of the imbibition tests is given in 
Table 3. The samples chosen for the 
imbibition tests had a wide range of 
gas permeability, but the maximum 
oil or water saturation attained by 
imbibition was found to be indepen- 
dent of the permeability of the sam- 
ples. = 

The values given in Table 4 cor- 
respond to a gas permeability of 30 
md in Figs. 1, 3, and 4. This table 
together with Table 3 makes it easy 
to visualize the average capillary be- 
havior of the four sands at a’ per- 
meability which is probably close to 
the average gas permeability of the 
sands. 


DISCUSSION OF RESULTS 


Considering only the relative abun- 
dance of clay minerals in the sands 
and the swelling capacity of each, 
the order of increasing water sen- 
sitivity of the four sands would be 
expected to be: Tensleep, Muddy, 
Newcastle, and Frontier. The experi- 
mental degree of sensitivity is in- 
dicated by the relative position of 
the average lines correlating k, with 
k, in Fig. 1. The values of k,, are 
the same as k, for the Muddy 
throughout the entire range of per- 
meabilities, and, therefore, this sand 
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is considered non-sensitive to water. 
The Tensleep and Newcastle have 
moderate sensitivity, and only the 
Frontier shows a high sensitivity to 
water. 

Dodd and others” investigated the 
clay content and permeability be- 
havior of reservoir sands from widely 
scattered American oil fields and cor- 
related these results with water-sen- 
sitivity history as inferred from field- 
production experience. They con- 
cluded that only sands containing 
high-swelling clay minerals exhibited 
economically serious water-sensitive 
behavior in the field. Extending these 
results to the present work leads to 


_ the conclusion that, of the four sands. 


only the Frontier would have an eco- 
nomically serious water sensitivity. 
Comparison of Figs. 3 and 4 and 
the summary given in Table 4 shows 
that the IWS curve for the Frontier 
is considerably higher than the cor- 
responding (100 — Su.) min Curve, 
whereas the IWS and (100 — Swe) min 
curves for the Muddy and Tensleep 
practically superimpose. This suggests 
that there is a relationship between 
water-retention characteristics and the 
amount of clay minerals in the sand. 
The Newcastle, which contains the 
most non-expandable clay, exhibited 
a behavior between the water-sensi- 


TABLE 2—IRREDUCIBLE BRINE AND WATER 
SATURATIONS 


No. of IWS IBS ki 
Sand Samples Per Cent Pore Vol. Avg., md 
Frontier 24 27.3 27.5 76 
Newcastle 15 2525 28.4 52 
Tensleep 37 1222 12.6 90 
Muddy 17 8.7 9.9 81 


TABLE 3—MAXIMUM OIL AND WATER SATURA- 
TIONS BY IMBIBITION AND DIFFERENCES BETWEEN 
THESE VALUES, PER CENT OF PORE VOLUME 


Sand Sw So-Sw 
Frontier 66 60 6 
Newcastle 76 58 18 
Tensleep 47 23 24 
Muddy 66 18 48 
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TABLE 4—WATER PERMEABILITIES AND SATURATIONS WHEN ki = 30 md 


Iws — 
IWS (100 — SuHg)min (100 — Sug)min 

Per Cent Per Cent Per Cent 

Sand kw, md Pore Vol. Pore Vol. Pore Vol. 
Frontier 0 35 15 20 
Newcastle 18 28 11 17 
Tensleep 21 12 10 2 
Muddy 30 10 10 0 


tive Frontier and the non-sensitive 
Muddy and Tensleep. 


The slopes of the average lines for 
the Frontier in Figs. 3 and 4 show 
that the difference between IWS and 
(100 — Sue) min increases with de- 
creasing permeability. This increas- 
ing water-sensitivity effect with de- 
creasing permeability may also be due 
to the presence of clays which cause 
an increase in the proportion of fine 
capillaries and an increase in internal 
surface areas. 

The interpretation just given of the 
significance of differences between 
values of (100 — Sue) min and IWS 
stresses the importance of the volume 
of fine capillaries in the sands and 
suggests that these differences are at 
least partly due to clay minerals. This 
reasoning led to the expectation that 
IWS would be somewhat greater than 
IBS in most sands and considerably 
greater in sands containing expand- 
able clay minerals. However, IBS was 
found to be slightly greater than IWS 
(Table 2), and there are no appar- 
ent differences in these values for the 
four sands that are attributable to the 
type or amount of clay minerals. 

The maximum oil or water satura- 
tions attained in the samples by im- 
bibition should be indicative of the 
preferential wettability of the sands 
to these liquids. Experiments by Jen- 
nings’ showed that preferentially 
water-wet Alundum cores imbibe 
either oil or water, whereas prefer- 
entially oil-wet cores imbibe oil but 
not water. These conclusions were 
confirmed by experiments in connec- 
tion with the work reported herein. 

The value of the maximum satura- 
tion by imbibition imparts as much 
information as the entire curve of 
imbibition saturation with time, and 
therefore, only the values of maxi- 
mum saturation are given in Table 3. 

All sands imbibed oil freely, but 
the maximum water saturation graded 
from the lowest in the Muddy to the 
highest in the Frontier. The un- 
usually low IWS in the Tensleep and 
Muddy suggests that these samples 
are preferentially oil-wet and the im- 
bibition results tend to confirm this 
assumption. The high IWS and the 
high saturations by water imbibition 
in the Frontier js likely due to the 
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combination of a preferentially water- 
wet sand and its comparatively high 
content of clay minerals. It is impos- 
sible with present knowledge to sep- 
arate the behavior effects due to sur- 
face wettability from those due to 
clay minerals. Furthermore, it is not 
known to what extent behavior of the 
cores in the laboratory represent be- 
havior in the reservoir. 


The best comparison of laboratory 
and field results for water saturations 
is obtained when analyses are avail- 
able from cores that were cut with 
oil in the drill hole from a reservoir 
at a location which is more than 50 
ft above the oil-water contact. Unfor- 
tunately, of the four sands studied, 
these ideal conditions are available 
for only the Tensleep sand. Rogers” 
reported that the average permeabil- 
ity of the Tensleep sand at Steamboat 
Butte is 32 md and the formation 
water saturation is 11 per cent. At 
this permeability, the value of (100 
— Sug) min from Fig. 3 is 10 per cent 
and that of IWS from Fig. 4 is 12 
per cent. In this one instance, both 
the mercury-injection and semiper- 
meable barrier methods proved to 
give an accurate estimate of the form- 
ation water in preferentially oil-wet 
and non-sensitive cores. 


CON CLE USTONS 


The important conclusions result- 
ing from this study are as follows: 

1. Capillary behavior of reservoir 
sands is related to the types and 
amounts of interstitial clay min- 
erals. Sands containing consider- 
able amounts of a high-swelling clay 
mineral such as montmorillonite have 
the following characteristic behavior: 
(1) gas permeability is much higher 
than water permeability, (2) irredu- 
cible water saturations are unusually 
high, and (3) water is imbibed to 
high saturations. Sands containing 
relatively large amounts of kaolinite 
and illite exhibit these characteristics 
to a lesser degree than sands contain- 
ing high-swelling clays but to a 
greater degree than clay-free sands. 

2. Water-displacement and mer- 
Cury-injection tests give comparable 
results for relatively clay-free sands, 
but these results differ greatly for 
clayey sands; therefore, the difference 
between the results of these two tests 


is a measure of the water sensitivity 
of the sand. 

3. The observation that irreducible 
saturations are not affected by the 
salinity of the water suggests that 
most residual water is adsorbed on 
solid surfaces and held in fine capil- 
laries, and that only a minor amount 
is retained as interlayer water within 
the clay mineral particles. 

4. Capillary behavior is affected 
greatly by the clay-mineral content 
of the sands. It is also recognized, 
however, that preferential wettability 
is sometimes important in capillary 
behavior and that this effect may pre- 
dominate in clean sands if they are 
preferentially oil-wet. 

5. If it is assumed that irreducible 
water saturations as determined with 
the semipermeable barrier method are 
a measure of formation water satura- 
tions, then the following observations 
may be made: (1) formation water 
saturations may be estimated from 
results of mercury-injection tests 
without the use of correlation factors 
only in relatively clay-free sands, and 
(2) formation water saturations are 
independent of salinity of the water. 
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NATURAL Gas WELLS. See Gas Wells 


NEUTRON-GAMMA LOG: heterogeneous carbonate reser- 
voirs, interpretation, 268 (Sept. JPT) 

NEUTRON LOGs: dual spacing for detection of natural 
gas: in Greater Oficina area, Venezuela, 
140 (May JPT) 

Non-NEWTONIAN FLUIDS: analysis of rheological prop- 
erties, 196 (July JPT) 

Fanning friction factor-Reynolds number corre- 

lation evaluation of precision of analysis, 
196 (July JPT) 


O 


OFFSHORE DRILLING: wave force on sunken obstruction: 
calculation, 277 (Aug. JPT) 
OIL RECOVERY: effect of borehole heating, theory, 1 
(Jan. JPT) 
improvement of efficiency by use of gas-driven 
liquid propane, 34 (Feb. JPT) 
miscible slug process, 40 (Reb, 
solvent flooding with modified gas drive, laboratory 
study, 48 (Feb. JPT) 
volatile oil depletion drive reservoirs: prediction 
by compositional material balance method, 
19 (Jan. JPT) 
prediction by stepwise method of calculation, 
27 (Jan. JPT) 
waterflooding: effect of rate of advance of water, — 
laboratory investigation, 114 (Apr. 
discussion, 59 (Nov. JPT) 
OIL-WATER CONTACT IN RESERVOIR: indicated by capil- 
lary pressure, 252 (Sept. JPT) 
O’REILLy, W. M., and TRuE, M. E.: Subsurface Sealing 
of Tubing Thread Leaks, (Tech Note) 
March JPT, 361 
ORIFICE WELL TESTER: study of published data, (Tech. 
Note) Sept. JPT, 393 
Ososa, J. S., and Muenca, N. L.: Identification of 
Earth Materials by Induced Gamma-Ray 
Spectral Analysis, 89 (March JPT) 
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PasLay, P. R., and Siipar, A.: Laminar Flow of Drill- 
ing Mud Due to Axial Pressure Gradient 
and External Torque, 310 (Nov. JPT) 


| 
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PERFORATING FLUIDS: non-plugging emulsions prepared 
with tetrachloroethylene, 177 (June JPT) 
PERKINS, F. M. JR.: Discussion on Laboratory Study 
of Gravity Segregation in Frontal Drives, 
on Use of Transparent Three-Dimensional Models 
for Studying Mechanism of Flow Processes 
in Oil Reservoirs, 300 (Oct. JPT) 
Investigation of the Role of Capillary Forces in 
Laboratory Water Floods, (Tech. Note) 
Nov. JPT, 409 
PERKINS, F. M. Jr., and RICHARDSON, J. G.: Labora- 
tory Investigation of Effect of Rate on 
Recovery of Oil by Waterflooding, 114 
(Apr. JPT); discussion, 350 (Nov. JPT) 
PERMEABILITY: relation to gamma radiation, Denver- 
Julesburg basin, (Tech. Note) Feb. JPT, 
358 
PETROLEUM RESERVOIR MINERALS: effective grain densi- 
ties, 235 (Aug. JPT) 
POETTMANN, F. H., et al.: Method for Predicting Back 
Pressure Behavior of Low Permeability 
Natural Gas Wells, 302 (Nov. JPT) 
POLAROGRAPHIC TECHNIQUE for examination of oilfield 
brines, (Tech. Note) Aug. JPT, 389 
POROSIMETER: Boyle’s law: new modification, operat- 
ing principle and construction, 240 (Aug. 
JPT) 
Porosity: heterogeneous carbonate reservoirs: log in- 
terpretation, 268 (Sept. JPT) 
new pycnometer for measuring bulk and _ grain 
volumes, (Tech. Note) July JPT, 384 
Porous MEDIA (see also Fluid Flow): pore size dis- 
tribution and displacement experiments with 
miscible liquids, (Tech. Note) Apr. JPT, 
366 
POTENTIOMETRIC ANALYZER: prediction of pressure dis- 
tribution in gas-condensate reservoirs: model 
study, (Tech. Note) Sept. JPT, 397 
PouLTER, T. C., and CaLpweLt, B. M.: Development 
of Shaped Charges for Oil Well Completion, 
PRESSURE DROP: generalized Darcy equation predicts 
over-all ranges of Reynolds numbers, (Tech. 
Note) June JPT, 376 
PrigEsT, G. G., and Moraan, B. E.: Emulsions for Use 
as Non-plugging Perforating Fluids, 177 
(June JPT) 
PROPANE: injection into reservoir prior to gas injection: 
miscible slug process, 40 (Feb. JPT) 
liquid: gas-driven for increasing oil recovery, 34 
(Feb. JPT) 
PYCNOMETER: Nutting and modified Nutting: advan- 
tages, Operation, and uses, (Tech. Note) 
July JPT, 384 


R 


RaBE, C. L.: Relation Between Gamma Radiation and 
Permeability, Denver-Julesburg Basin, 
(Tech. Note) Feb. JPT, 358 

RADIATION. See Gamma 

RADIOACTIVITY LOGGING: stability requirements of scin- 
tillation counters, 231 (Aug. JPT) 

RELATIVE PERMEABILITY: steady-state: use in calculat- 
ing waterflooding performance, (Tech. 
Note) May JPT, 373 


RESERVOIR ENGINEERING: analysis of performance data, 
Johnson lease, South Ward field, Texas, 283 
(Oct. 
RESERVOIR FLUIDS: undersaturated: compressibility esti- 
mated from field data and bottom-hole 
pressure data, 341 (Dec. JPT) 
RESERVOIR MINERALS: effective grain densities, 235 
(Aug. JPT) 
RESERVOIR ROCKS: porous: simplification of basic 
formulas and measurement of remaining 
deformation constants, 331 (Dec. JPT) 
volume changes, effect of fluid pressure decline, 
331 (Deca JPET) 
RESERVOIR SANDS: Wyoming: capillary behavior attrib- 
utable to clay-mineral effects, laboratory 
study, (Tech. Note) Dec. JPT, 414 
RESERVOIRS: Carbonate: (see also Oil Reservoirs): 
capillary pressure data, interpretation, 
(Tech. Note) Oct. JPT, 402 
log interpretation, 268 (Sept. JPT) 
depletion drive: volatile oil recovery: prediction 
by compositional material balance method, 
19 (Jan. JPT) 
prediction by stepwise method of calculation, 
REUDELHUBER, F. O., and Hinds, R. F.: Compositional 
Material Balance Method for Prediction of 
Recovery from Volatile Oil Depletion Drive 
Reservoirs, 19 (Jan. JPT) 
REYNOLDS, J. J., AND CorFFER, H. F.: Discussion on 
Mechanics of Hydraulic Fracturing, 167 
(June JPT) 
RICHARDSON, J. G.: Calculation of Waterflood Recovery 
from Steady-State Relative Permeability 
Data, (Tech. Note) May JPT, 373 
RICHARDSON, J. G., AND PERKINS, F. M. Jr.: Labora- 
tory Investigation of Effect of Rate on Re- 
covery of Oil by Water Flooding, 114 
Apr. JPT); discussion, 350 (Nov. JPT) 
Rockwoop, S. H., et al.: Reservoir Volumetric Param- 
eters Defined by Capillary Pressure Studies, 
(Sept Pils) 
RusseELL, W. L.: New Instrument for Measuring Bulk 
and Grain Volumes, (Tech. Note) July 
JPT, 384 
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SANDERLIN, J. L., et al.: Laboratory Study of Gravity 
Segregation in Frontal Drives, 275 (Oct. 
JPT); discussion, 281 (Oct. JPT) 

SANDSTONE: cores, grain density measurements, 237 
(Aug. JPT) 

SAUNDERS, C. D., and MELTON, L.L.: Rheological 
Measurements of Non-Newtonian Fluids, 
196 (July JPT) 

SCHAUER, P. E. Jr.: Fractional Balance Evaluation of 
Pressure Maintenance, Smackover Lime 
Gas-Condensate Reservoir, McKamie -Pat- 
ton Field, Arkansas, 108 (Apr. JPT) 

SCHILD, A.: A Theory for the Effect of Heating Oil 
Producing Wells, 1 (Jan. JPT) 

SCINTILLATION COUNTER: principles, stability require- 
ments, and photomultiplier fatigue, 231 
(Aug. JPT) 

SCHNITZ, L. B., et al.: Calculation of Depletion History 
and Future Performance of Gas-Cap-Drive 
Reservoir, 218 (July JPT) 


PETROLEUM TRANSACTIONS, AIME 


SEALING COMPOUND: for tubing joint leaks, use under- 
ground, (Tech. Note) March JPT, 361 

SECONDARY RECOVERY (see also PROCESSES) : gas drive: 
See Gas 

oil-bank formation: study with transparent model, 
295, 301 (Oct. JPT) 
waterflooding. See Waterflooding 

Smmarp, G. L., GonpouIN, M., and Trxier, M. P.: Ex- 
perimental Study on Influence of Chemical 
Composition of Electrolytes on SP Curve, 
58 (Feb. JPT); discussion, 71 (Feb. JPT) 

Su”rBar, A., and Pasay, P. R.: Laminar Flow of Drill- 
ing Mud Due to Axial Pressure Gradient 
and External Torque, 310 (Nov. JPT) 

SLosBop, R. L., and Kocn, H. A. JR.: Miscible Slug 
Process, 40 (Feb. JPT) 

SLUsSSER, M. L., and GLENN, E. E.: Factors Affecting 
Well Productivity —I]. Drilling Fluid Par- 
ticle Invasion into Porous Media, 132 (May 
JPT) 

Susser, M. L., GLENN, E. E., and Hurt, J. L.: Fac- 
tors Affecting Well Productivity —I. Drill- 
ing Fluid Filtration, 126 (May JPT) 

SOLVENT FLOODING (see also Secondary Recovery): 
gravity segregation, model study, 275, 281 


(Oct IPT) 

uniformity of flood front, influence on, 275, 281 
(Oct. JPT) = 

with modified gas drive: laboratory study, 48 
(Feb: JPT) 


SOUTH WarD FIELD, TExas: Johnson lease, performance 

history, 283 (Oct. ET) 
reservoir engineering analysis of performance, 283 

(Oct. JPT) 

SP Loc: influence of chemical composition of elec- 
trolytes, 58, 71 (Feb. JPT) 

STAMM, H. E. III, et al.: Calculation of Depletion His- 
tory and Future Performance of Gas-Cap- 
Drive Reservoir, 218 (July JPT) 

STUTZMAN, L. F., and TuHopos, GeorGE: Frontal Drive 
Production Mechanisms —New Method for 
Calculating Displacing Fluid Saturation at 
Breakthrough, (Tech. Note) Apr. JPT, 364 

SUCKER-ROD GUIDES: prevention of buckling of tubing 
in pumping wells: charts and formulas, 73 
(March JPT) 


T 


TAIL PIPE: prevention of buckling of tubing in pumping 
wells: charts and formulas, 73 (March JPT) 

TEK, M. R.: Development of a Generalized Darcy 
Equation, (Tech. Note) June JPT, 376 

TeEK, M. R., et al.: Method for Predicting Back Pres- 
sure Behavior of Low Permeability Natural 
Gas Wells, 302 (Nov. JPT) 

TEMPERATURE: distribution in flowing gas wells, 169 
(June JPT) 

TENSAMMETRIC RESPONSE CURVES: characteristics de- 
pend on geologic formation from which 
brines come, (Tech. Note) Aug. JPT, 389 

TENSION ANCHORS: prevention of buckling of tubing 
in pumping wells; charts and formulas, 73 
(March JPT) 

TETRACHLOROETHYLENE: use in non-plugging perforat- 
ing fluids, 177 (June JPT) 


TEXAS: South Ward field. See South Ward 
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THERMAL RECOVERY PROCESS: theory of effect in pro- 
ducing wells, 1 (Jan. UPAle) 


THODOs, GEORGE, and STUTZMAN, L. F.: Frontal Drive 
Production Mechanisms — New Method for 
Calculating Displacing Fluid Saturation at 
Breakthrough, (Tech. Note) Apr. JPT, 364 


Trxier, M. P., GonpouIn, M., and SIMARD, G. L.: Ex- 
perimental Study on Influence of Chemical 
Composition of Electrolytes on SP Curve, 
38 (Feb. JPT); discussion, 71 (Feb. 


TIXIER, M. P., et al.: Interpretation of the Induction- 
Electrical Log in Fresh Mud, 202 (July 
JPT); discussion, 215 (July JPT); discus- 
sion, 352 (Dec. 
TRUBE, A. S.: Compressibility of Natural Gases, (Tech. 
Note) Jan. JPT, 355 
Compressibility of Undersaturated Hydrocarbon 
Reservoir Fluids, 341 (Dec. JP) 


TRUE, M. E., and O’REILLY, W. M.: Subsurface Seal- 
ing of Tubing Thread Leaks, (Tech. Note) 
March JPT, 361. 


TUBING: joint thread leaks: sealing underground: tech- 
nique, equipment, and sealing compound, 
(Tech. Note) March JPT, 361 
in pumping wells: buckling effect and means for 
controlling it, 73 (March JPT) 


V 


VAN Meurs, P.: Use of Transparent Three-Dimensional 
Models for Studying the Mechanism of 
Flow Processes in Oil Reservoirs, 295 (Oct. 
JPT); discussion, 301 (Oct. JPT) 


VENEZUELA: Greater Oficina area: gas detection by 


dual-spacing neutron logs, 140 (May JPT) 


VOLUMETRIC ANALYSIS: reservoir parameters defined by 
capillary pressure data, 252 (Sept. JPT) 


W 


WALKER, E. B., and GROSMANGIN, MICHEL: Gas De- 
tection by Dual-Spacing Neutron Logs in 
the Greater Oficina Area, Venezuela, 140 
(May JPT) 

WALLIck, G. C.: Note on Transient Two-Phase Flow 
Calculations, (Tech. Note) Oct. JPT, 406 

WarREN, J. E., and DE Witte, A. J.: Discussion on Ef- 
fect of Fluid Pressure Decline on Vol- 
umetric Changes of Porous Rocks, 339 
(Dec. JPT) 

WASHINGTON FIELD, LouisIANa: calculation of pressure- 
depletion performance of gas-condensate 
reservoir, 102 (Apr. JPT) 

WATERFLOODING (see also Secondary Recovery): bank 

calculation of reservoir performance, 245 (Aug. 

capillary forces, effect, laboratory investigation, 
(Tech. Note) Nov. JPT, 409 

connate water displaces oil initially, 190 (July JPT) 

displacing fluid saturation at breakthrough, new 
method of calculating, (Tech. Note) Apr. 
JPT, 364 

study with transparent model, 295, 301 (Oct. 

JPT) 
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gravity segregation, model study, 275, 281 (Oct. 
injected water displaces connate water, 190 
(July JPT) 
natural or artificial: reservoir performance, calcu- 
lation, 245 (Aug. JPT) 
pattern conductivity: effect of horizontal fractures 
in thick reservoirs, model study, (Tech. 
Note) Oct. JPT, 399 
performance calculated from steady-state relative 
permeability data, (Tech. Note) May 
rate of water advance, effect on recovery of oil, 
laboratory investigation, 114 (Apr. JPT); 
350 (Nov. JPT) 
reservoir engineering analysis of performance data, 
Johnson lease, South Ward field, Texas, 283 
COcts IPT) 
uniformity of flood front: influences on, 275, 281 
JPM) 
WAVE ACTION: calculation of force on sunken obstruc- 
tion, 227 (Aug. JPT) 
WELL COMPLETION: shaped charges, development, 11 
(Jan. JPT) 
WELL LOGGING: gamma-ray: formation density, 289 
(Oct. JPT) 


WELL PRODUCTIVITY: factors affecting: drilling fluid 
particle invasion into porous media, 132 
(May JPT) 
drilling fluid filtration, 126 (May JPT) 
WuiteE, E. J. and Baptist, O. C.: Clay Content and 


424 


Capillary Behavior of Wyoming Reservoir 
Sands, (Tech. Note) Dec. JPT, 414 

WuiteE, R. J.: Bottom-Hole Pressure Reduction Due 
to Gas Cut Mud, (Tech. Note) July JPT 
382 

Wuite, M. M. et al.: Microbit Dynamic Filtration 
Studies, 183 (June JPT) 

WIELAND, D. R., and KENNEDY, H. T.: Measurements 
of Bubble Frequency in Cores, 122 (Apr. 
JPT) 

WILKIN, F. L., and JENSoN, P. E.: Discussion on Inter- 
pretation of Induction-Electrical Log in 
Fresh Mud, 215 (July JPT) 

WILLis, D. G., and HuBBERT, M. K.: Mechanics of 
Hydraulic Fracturing, 153 (June JPT); 
discussion, 167 (June JPT) 

WINN, R. H.: Log Interpretation in Heterogeneous Car- 
bonate Reservoirs, 268 (Sept. JPT) 

Wooppy, L. D. JR., and Moore, W. D.: Performance 
Calculations for Reservoirs with Natural or 
Artificial Water Drives, 245 (Aug. JPT) 

WyYoMING: formation water saturation, laboratory study 
by semipermeable barrier method, (Tech. 
Note) Dec. JPT, 414 

reservoir sands. See Reservoir Sands 


YOUMANS, ARTHUR, and MONAGHAN, RALPH: Stability 
Requirements for Scintillation Counters 
Used in Radioactivity Logging, 231 (Aug. 
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